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Abstract Here we review the efforts of a number of recent results that use
old tracers to understand the build up of the Galaxy. Details that lead directly
to using these old tracers to measure distances are discussed. We concentrate
on the following: (1) the structure and evolution of the Galactic bulge and in-
ner Galaxy constrained from the dynamics of individual stars residing therein;
(2) the spatial structure of the old Galactic bulge through photometric ob-
servations of RR Lyrae-type stars; (3) the three-dimensional structure, stellar
density, mass, chemical composition, and age of the Milky Way bulge as traced
by its old stellar populations; (4) an overview of RR Lyrae stars known in the
ultra-faint dwarfs and their relation to the Galactic halo; and (5) different
approaches for estimating absolute and relative cluster ages.
Keywords First keyword · Second keyword · More
Using old stars as tracers to piece together the build-up of the Milky Way
(MW) allows for a glimpse of the early stages of the Milky Way Galaxy. This
is because old stars have existed for several billion years – when the Galaxy
was in its infancy – and are therefore a foundation of the current ensemble
of stellar populations that have since begun to also populate the MW. The
signatures of old stars that are discussed here involve primarily RR Lyrae stars
(RRLs) and Red Clump (RC) stars as probes, arguably the most widely used
old stars as stellar tracers.
RC stars are core helium-burning stars that can be considered useful dis-
tance indicators because their magnitude changes slowly and smoothly with
age and metallicity. Such a change is predicted very accurately by stellar evo-
lution models (e.g., Salaris & Girardi, 2002). They do not univocally trace old
populations, but also intermediate ages. However, because being a bright and
distinct feature in the color-magnitude diagram they are very numerous and
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easy to identify, they have been extensively used in the study of especially the
Galactic bulge. It should be noted though that, according to the prescriptions
of Salaris & Girardi (2002), when the age-metallicity relation and star for-
mation history of a given composite stellar system are unknown the derived
distance modulus by using RC can have an error up to ∼0.3 mag. Girardi
(2016) provides an overview on the advantages and caveats of using RC stars
for distance determination.
RRLs, on the other hand, are unequivocally old (≥ 10 Gyr). They are
low-mass (∼ 0.6−0.8M) horizontal branch (HB) stars that experience radial
pulsations because of periodic variations of the atmosphere opacity, in par-
tial ionized regions (H, He). This causes cyclic variations of luminosity and
effective temperature, with periods ranging typically from ∼ 0.3 to ∼ 1 days.
Their typical mean luminosity in the V -band is in the range MV ∼ 0.5 − 1
mag, making them moderately bright objects, while effective temperatures
range from ∼ 7200 K to ∼ 5600 K, which transform in typical mean colors
between (B − V ) ∼ 0.2 mag and (B − V ) ∼ 0.4 mag. Historically, RRLs have
been used as standard candles since their mean luminosity in the V−band
is almost constant, with some dependency on their metallicity and evolution-
ary status (e.g. Bono et al., 2003; Clementini et al., 2003). Moreover, they
are moderately bright (∼ 40L), easy to detect from their light variations
and practically ubiquitous. Also, the occurrence of the so-called Oosterhoff
dichotomy allowed people for decades to disentangle the old component of
the Galaxy in two distinct groups, putting strong constraints on the Galaxy
formation mechanisms (e.g. Fiorentino et al., 2015, 2016; Mart´ınez-Va´zquez
et al., 2016a). Their role as standard candles and stellar population tracers
has been widely investigated also from the theoretical point of view, on the
basis of extensive and detailed nonlinear convective pulsation models (see e.g.
Marconi et al., 2015, and references therein).
RRLs are much less numerous and also more time-consuming to identify
than the RC. Both the RC and the RRLs have their own observational and
theoretical advantages and disadvantages, however, together, they have shown
to be the invaluable available tracers of old population for the study of the
Milky Way galaxy. In §1, Andrea Kunder discusses how RRLs and RC giants
have shaped our view of the kinematics of the inner Galaxy. Similarly, Pawel
Pietrukowicz focuses on using these stars to understand the spatial structure
of the inner Galaxy in §2. The chemical composition and age of the inner
Galaxy is then described in §3 by Elena Valenti, again utilizing RRLs and RC
giants.
In §4 and §5, RRLs and RCs are also discussed within the context of the
Milky Way satellites and globular clusters, to further place into context the
build-up of the Milky Way. Dwarf spheroidal (dSph) satellites of the Milky
Way, and the low brightness tail of the dSph, the ultra-faint dwarf (UFD)
galaxies, are old, metal-poor, gas poor and dark matter-dominated systems.
Comparing their RRL populations with that of the MW places allows a more
complete picture of galaxy formation to emerge, as shown in §4, by Massimo
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Martinez-Vazquez, Matteo Monelli, Ilaria Musella and Vincenzo Ripepi.
Similarly, globular clusters harbor some of the oldest stars in our Galaxy
and their distances, distribution throughout the Galaxy, and ages have long
been used to as pillars to understand the early Galaxy. In §5, new observations
that have improved the accuracy and precision of stellar populations within
globular clusters, as well as better stellar models, have advanced our ability to
use these old tracers to understand the early formation of the components of
Galaxy. This section is contributed by Giuseppe Bono, Vittorio Braga, Giu-
liana Fiorentino, Massimo Dall’Ora, Ivan Ferraro, Giacinto Iannicola, Matteo
Monelli, Maurizio Salaris and Peter B. Stetson.
1 Kinematics of the Galactic bulge
The internal kinematics of the bulge using a statistical sample of stars was
first analyzed by the Bulge Radial Velocity Assay (BRAVA) survey (Rich et
al. 2007; Kunder et al. 2012). BRAVA targeted M-giants toward the Galactic
bulge in a grid covering three strips of latitude, at b = −4◦,−6◦,−8◦, that span
across −10◦ < l > 10 ◦. From a total of ∼10,000 stars, they showed that the
bulge is in cylindrical rotation. Kinematic models allow at most only ∼10% of
the original model disk mass to be in the form of a “classical” spheroid formed
by dissipational collapse. Subsequent kinematic bulge surveys, probing closer
to the plane and/or different stellar populations, have confirmed this result.
However, a more complicated kinematic view of the bulge than was first able to
be disentangled by the original BRAVA results has emerged, which is reviewed
here by Andrea Kunder.
The Abundances and Radial velocity Galactic Origins Survey (ARGOS;
Freeman et al., 2013) probed ∼17,400 red-clump giants in the bulge – fainter
stars than probed by BRAVA, but having temperatures more favorable for
the determination of metallicities. Probing the CaT at R∼11,500, the AR-
GOS stars could be separated into metallicity sub-samples, which Ness et al.
(2013a) believe to represent different populations in the bulge. Sample “A”
consists of stars with [Fe/H] ∼ +0.15 dex, which are proposed to belong to
a relatively thin and centrally concentrated part of the boxy/peanut bulge.
Sample “B” consists of stars with [Fe/H] ∼ −0.25 dex, belonging to a thicker
boxy/peanut bulge. Compared to “A”, this sample is hotter and less com-
pact. Sample “C” consists of stars with [Fe/H] ∼ −0.7 dex and kinematically
differs from component A and B in that it does not appear to have a latitude-
independent velocity dispersion rotation. Sample ”D” is the most metal-poor
with [Fe/H] ∼ −1.0 dex. It is the least understood, due to the paucity of AR-
GOS stars with such metallicities. For example, there are only two stars with
[Fe/H] ∼ −1.0 dex in the ARGOS field at (l, b) = (−20◦, −5◦), so the velocity
dispersion provided by Ness et al. (2013a) for this field is not well constrained.
In all sub-samples cylindrical rotation was seen, although the most metal-poor
red clump giants (sample D) rotated slower than their metal rich counterparts
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(Ness et al., 2013a). But as this signature was seen at latitudes 10 degrees
from the plane, they associated the slower rotation as the consequence of con-
tamination from the halo and metal-weak thick disk populations creeping into
the bulge.
The GIRAFFE Inner Bulge Survey (GIBS; Zoccali et al., 2014) is targetting
red-clump giants closer to the plane than both BRAVA and ARGOS. Most of
the fields are at a resolution of R=6500, but a handful of fields were observed at
R=22,500. Metallicities for their ∼5000 surveyed stars (Gonzalez et al., 2015;
Zoccali et al., 2017) were derived, as well as elemental abundances for ∼400 red
clump giants. They confirmed cylindrical rotation also at latitudes b=−2◦, and
found that throughout most of the bulge, a narrow metal-rich ([Fe/H] = +0.26)
population of stars and a broad more metal-poor ([Fe/H] = −0.31) component
appears to exist. Both components rotate cylindrically, although the metal-
poor stars are kinematically hotter and less bar-like.
Lastly, the APOGEE survey has probed ∼19,000 red giant stars at posi-
tive longitudes close to the plane (Zasowski et al., 2016). The high-resolution
(R=22,500), makes it feasible to obtain elemental abundances and the near-
infrared wavelength regime (λ=1.51-1.70 µm) allows the plane of the bulge to
be probed, where dust and reddening is severe, but minimized by longer wave-
lengths. They find that the transition from cylindrical to non-cylindrical rota-
tion occurs gradually, and most notably at higher latitudes. At a longitude of
l ∼7◦ the signature of cylindrical rotation fades, which is expected, as this lon-
gitude is near the end of the boxy bulge. Despite their large chemo-dynamical
sample, they are not able to find distinct and separable bulge populations,
although their measures of skewness is consistent with different evolutionary
histories of metal-rich ([Fe/H] = +0.26) and metal-poor ([Fe/H] ∼ −0.31)
bulge populations.
All of these large surveys have shown that the bulge consists of a mas-
sive bar rotating as a solid body; the internal kinematics of these stars are
consistent with at least 90% of the inner Galaxy being part of a pseudobulge
and lacking a pressure supported, classical-like bulge. N-body barred galaxy
models (boxy peanut bulge models) can explain the global kinematics, so our
bulge appears to have formed from secular evolution of a massive early disk.
However, some finely detailed behavior of stars remain unexplained. For
example, it is not clear how the kinematically cooler bulge stars (which are
more metal-rich) fit together with the kinematically hotter (more metal-poor)
bulge stars. Also, some bulge locations have shown no evidence for a metal-rich
and metal-poor population, despite being at the same latitude as other fields
which do clearly separate chemically (e.g., Zoccali et al., 2017).
Figure 1 shows the distributions of the targets in the survey’s mentioned
above. Most survey’s have focussed on the Southern bulge, where the crowding
is not as extreme. The APOGEE survey, in contrast, using a telescope in the
North, probes more of the Northern bulge, and has not yet been able to reach
the negative longitudes. With exception of the ARGOS survey, all data has
been publicly released, improving the quality and value of these surveys, and
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Fig. 1 The spatial location of the ARGOS, APOGEE, BRAVA and GIBS spectroscopic
bulge surveys.
providing the wider scientific community the ability to productively use data
for further research with the potential to advance developments.
1.1 Targeted Kinematic Studies
Notable recent high resolution studies (R∼20,000-30,000) of bulge field stars
have been meticulously obtained by Johnson et al. 2011, 2012, 2013a, 2013b,
2014. In these papers, along with radial velocities, numerous individual ele-
mental abundances, for some stars 27 elements ranging from oxygen to er-
bium, are derived for a sample of ∼500 bulge giants. Therefore, not only can
the kinematics, [Fe/H] and [α/Fe] ratios of bulge stars be compared to those
in the thin and thick disks, but also the light odd-Z and Fe-peak (and also
neutron-capture) elements are touched on, which also provide discriminatory
power between models and other stellar populations. These more detailed and
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targeted observations indicate that at [Fe/H] > −0.5, the bulge exhibits a dif-
ferent chemical composition than the local thick disk in that the bulge [α/Fe]
ratios remain enhanced to a slightly higher [Fe/H] than the thick disk, and
the Fe-peak elements Co, Ni, and Cu appear enhanced compared to the disk.
Further, these studies point to a bulge that formed rapidly (<1-3 Gyr),
because of the enhanced [α/Fe] abundances coupled with the low [La/Eu]
ratios of the bulge stars (see also McWilliam et al., 2010). This confirms a
very fast chemical enrichment in the bulge put forth by the very first detailed
abundance studies of red giants in the Milky Way bulge (e.g., McWilliam &
Rich, 1994; Zoccali et al., 2006; Fulbright et al., 2007).
Babusiaux et al. (2010, 2014) compared the velocities of metal-rich and
metal-poor bulge stars and found that higher metallicity stars in the bulge
show larger vertex deviations of the velocity ellipsoid than more metal-poor
stars. They also found that metal-rich stars show an increase in their veloc-
ity dispersion with decreasing latitude (moving closer to the Galactic plane),
while metal-poor stars show no changes in the velocity dispersion profiles.
They concluded that the more metal-rich stars are consistent with a barred
population and the metal-poor stars with a spheroidal component. However,
other high-resolution studies of bulge stars have not confirmed such trends and
instead find consistent decrease in velocity dispersion with increasing [Fe/H]
(e.g., Johnson et al., 2014; Uttentahler et al., 2012; Ness et al., 2013a).
Perhaps the greatest limitation in finding possible differences between a
metal-rich and a metal-poor population in the bulge is the difficulty of finding
metal-poor stars in the bulge. For example, within the ARGOS survey (Ness
et al., 2013a), 0.1% of the stars identified as lying in the bulge have [Fe/H] <
−2.0 dex. The first metal-poor stars found close to the Galactic center was
presented by Schultheis et al. (2015), who find 10 stars with [M/H] ∼ −1.0 dex
within ∼200 pc from the Galactic center. Garc´ıa Pe´rez et al. (2013) used
infrared spectroscopy of 2400 bulge stars to uncover five new metal-poor stars
with −2.1 < [Fe/H] < −1.6, and using optical photometry to first select metal-
poor candidates, and Schlaufman & Casey (2014) uncovered three stars in the
direction of the bulge with −3.0 < [Fe/H] < −2.7. The Extremely Metal-poor
BuLge stars with AAOmega (EMBLA) survey, dedicated to search for metal-
poor stars in the bulge, has uncovered ∼40 metal-poor stars (Howes et al.,
2014, 2015, 2016), including a handful with [Fe/H] < −3.0. Five stars in the
very metal-poor regime, at −2.7 < [Fe/H] < −2.0 are presented in Koch et al.
(2016), where they find that the metal-poor stars are a broad mix, and no
single, homogeneous “metal-poor bulge” can yet be established.
Figure 2 shows the kinematics of these metal-poor stars compared to “nor-
mal” bulge giants from the BRAVA survey. Though the number statistics are
still small, their velocity dispersion suggests either that the metal-poor stars
in the bulge have different kinematics than the more metal-rich stars, or that
the metal-poor stars discovered are a halo population.
Lacking a statistical sample of metal-poor stars in the bulge, understanding
their kinematics and placing them in context within the Galaxy is nontrivial.
Especially since the oldest and most metal poor stars (which may trace the
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Fig. 2 The velocity dispersion profile (bottom) and rotation curve (top) for the metal-poor
stars ([Fe/H] < −2.0) observed in the bulge compared to that of the BRAVA giants at b =
−4◦,−6◦, and−8◦ strips (Kunder et al. 2012). The individual metal-poor star measurements
are given in the top panel, and the large red circles indicate the mean Galactocentric velocity
(top) and velocity dispersion (bottom). The metal-poor stars have kinematics suggesting
they are different from the bulge giants, although the sample size is small (∼50). It has
been put forward that these metal-poor stars are actually halo interlopers (e.g., Howes et al.
2014, Kunder et al. 2015, Koch et al. 2016).
dark matter) are thought to be found in the center of the Galaxy – in the
bulge but not sharing its kinematics and abundance patterns (Tumlinson,
2010), the metal-poor “bulge” stars could provide a big piece of the puzzle in
understanding the formation and subsequent evolution of the Galactic bulge.
Perhaps the easiest identifiable old, metal-poor bulge population are those
horizontal branch stars that pulsate as RR Lyrae stars. Their progenitors
formed long ago (∼10 Gyr), so that the RRLs we see today tell us about
conditions when the halo of the Galaxy was being formed (e.g., Lee, 1992).
The bulge RRLs were shown to be on average ∼1 dex more metal-poor than
the majority of bulge stars residing in the bar (Walker & Terndrup, 1991),
although some of the bulge RRLs do appear to have metallicities that overlap
in abundance with the bar population.
The ongoing Bulge Radial Velocity Assay for RR Lyrae stars, BRAVA-RR
survey (Kunder et al., 2016), aims to collect spectrographic information for
RRLs located toward the inner Galaxy. Their sample of RRLs are selected from
the Optical Gravitational Lensing Experiment (OGLE), so the periods, ampli-
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Fig. 3 The velocity dispersion profile (bottom) and rotation curve (top) for the ∼1000 RR
Lyrae stars observed in the bulge compared to that of the BRAVA giants at b = −4◦, −6◦,
and −8◦ strips (Kunder et al. 2012, Kunder et al. 2016). The bulge model showing these
observations are consistent with a bulge being formed from the disk is represented by the
dashed lines (Shen et al. 2010). The RRLs have kinematics clearly distinct from the bulge
giants, and are a non-rotating population in the inner Galaxy.
tudes and magnitudes are already precisely known. Multi-epoch spectroscopy
(typically 3 epochs per star) is used to obtain center-of-mass radial velocity
with uncertainties of ∼5-10 km s−1. From radial velocities of about sim1000
RRLs surveyed by BRAVA-RR in four 2-degree fields covering approximately
a Galactic latitude and longitude of −3◦ < b > −6◦ and −4◦ < l > 4◦, it
is evident that these old and metal-poor stars are kinematically distinct from
the more metal-rich red giants in the BRAVA, GIBS, ARGOS and APOGEE
surveys. The RRLs show null rotation and hot (high-velocity dispersion) kine-
matics. In the ARGOS survey one also observes a slowly-rotating metal-poor
population, but these stars are believed to be contamination from disk and halo
stars (as it is only seen at high Galactic latitude). In contrast, the RRLs are
at low Galactic latitudes (|b| <7◦) and have more certain distance estimates,
and the larger number statistics of the RRLs makes this result quantifiable.
The RR Lyrae stars trace an older, more spheroidal component in the inner
Galaxy.
The mass of this ’old’ bulge is estimated to be ∼1% of the total central
mass, broadly consistent with current bulge formation models, which predict
that no more than ∼5% of a merger-generated bulge (Shen et al., 2010; Ness
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et al., 2013a; Di Matteo et al., 2015). It may be that the RRL stars toward
the bulge are actually an inner halo-bulge sample, as originally speculated in
the early 1990s (e.g., Minniti, 1994) and as at least one RRL orbit toward the
Galactic bulge seems to indicate (Kunder et al., 2015).
Prompted by the results from the RRLs, Pe´rez-Villegas et al. (2017) car-
ried out N -body simulations for the Milky Way to investigate the kinematic
and structural properties of the old metal-poor stellar halo in the barred inner
region of the Galaxy. They showed that the RR Lyrae population in the Galac-
tic bulge may be the inward extension of the Galactic metal-poor stellar halo,
and that especially the radial velocities of RRLs in the outer Galactic longi-
tudes constrain a bulge/halo scenario. Unfortunately, the RRLs investigated
in Kunder et al. (2016) are confined to the innermost 500 pc. This is where
a slow-rotating component has the smallest velocity difference compared to
the metal-rich bulge giants (∼25 km/s), and hence where population contam-
ination from e.g., the halo or thick disk could more easily mask the effects of
rotation. Observations of RRL at further longitudes in the bulge would allow
us to distinguish between a bulge or halo.
1.2 Future: Gaia
Gaia has begun collecting six-dimensional space coordinates for more than 1
billion stars in the Milky Way. The bulge is a difficult target for Gaia, due to
the crowding and extinction, but Gaia will still impact bulge kinematics signif-
icantly. The Radial Velocity Spectrometer (RVS), which is the spectroscopic
instrument for all objects down to G ∼16 mag, can cope with a crowding limit
of 35,000 stars deg−2 (Reyle´ et al., 2005). In denser areas, only the brightest
stars are observed and the completeness limit will be brighter than 16 mag.
Therefore, we can expect the brighter giants to be surveyed throughout the
bulge with RVS, but most of the red clump stars and RRLs will be lacking
Gaia radial velocities.
Never-the-less, the astrometric instrument has been designed to cope with
object densities up to 750,000 stars per square degree and down to G ∼20 mag.
Therefore, for a large area of the bulge, at least some of the horizontal branch
will be reachable for useful proper-motions, although no useful (5 σ) parallaxes
are expected for these stars. At end of mission, Gaia will have∼54 Gaia transits
covering the bulge (Clementini et al., 2016).
Figure 4 shows the proper motions of the giants in the direction of the bulge
surveyed in APOGEE DR13 post- and pre-Gaia DR1. Before Gaia DR1 was
available, the proper motions were not of the quality that allowed one to eas-
ily distinguish between a field and bulge stellar population. Color-magnitude
diagrams can help in differentiating bulge stars from field stars, since bulge
stars tend to be redder, but the large and variable extinction and the sheer
number of field stars along the line of sight toward the bulge, makes color cuts
not always reliable.
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Fig. 4 Top: The color magnitude diagram of ∼2500 APOGEE giants that have UCAC5
proper motions with uncertainties smaller than 2 mas/yr. Bottom: The UCAC5 (left) and
UCAC4 (right) proper motions of the APOGEE giants with proper motion uncertainties
smaller than 2 mas/yr. Already with Gaia DR1, a sharper kinematic view of the bulge than
previously feasible, is possible.
With the precise positions of stars measured in Gaia DR1, significant im-
provements in the astrometric solutions were able to be obtained, leading to
the release of UCAC5. For over 107 million stars, now proper motions with
typical accuracies of 1 to 2 mas/yr (R= 11 to 15 mag), and about 5 mas/yr
at 16th mag, exist. With Gaia, we are approaching the possibility of using
proper motion information to separate the high degree of disk contamination
from the bulge.
2 Spatial structure of the RR Lyrae star population toward the
Galactic bulge
RR Lyrae-type variable stars can be found everywhere in the Milky Way,
but they are particularly numerous in the Galactic bulge. Historically, van
Gent (1932, 1933) was the first who noticed that RRLs observed close to
the central regions of the Milky Way concentrate toward the Galaxy center.
More than a decade later, Baade (1946) in a relatively unobscured area, today
called “Baade’s Window” in his honor, found a strong predominance of RRLs
indicating a presence of Population II stars in the central area of the Milky
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Way. He assumed that the center of this population coincides with the Galactic
center and assessed the distance to the center of the Galaxy using RRLs,
obtaining a distance of 8.7 kpc (Baade, 1951).
Until the early 1990s about one thousand RRLs inhomogeneously dis-
tributed over the Galactic bulge were known. Following the advent of mas-
sive photometric surveys, particularly focused on searches for microlensing
events, the number of new RRLs toward the bulge has increased. 215 such
objects were discovered during the first phase of the OGLE (Udalski et al.,
1992), conducted on the 1.0-m Swope telescope at Las Campanas Observatory,
Chile, in years 1992–1995. About 1800 RR Lyrae pulsators were detected by
the MACHO microlensing survey (Alcock et al., 1995) which used the 1.27-m
Great Melbourne Telescope at the Mount Stromlo Observatory, Australia, in
years 1992–1999. Alcock et al. (1998) examined mean magnitudes and colors
of the new pulsators and found that the bulk of the population is not barred.
Only stars located in the inner fields closer to the Galactic center (l < 4◦,
b > −4◦) seem to follow the barred distribution observed for intermediate-age
red clump giants (Stanek et al., 1994). Minniti et al. (1998) used this sample
to show that between about 0.3 kpc and 3 kpc from the Galactic center, the
spatial density distribution of RRLs can be represented by a power law of an
index of −3.0.
Analysis of the data from the second phase of the OGLE project (OGLE-
II), conducted on the dedicated 1.3-m Warsaw Telescope at Las Campanas Ob-
servatory in years 1997–2000, brought a much larger set of 2713 RRLs (Mizer-
ski, 2003). Based on the sample of 1888 fundamental-mode RRLs from OGLE-
II, Collinge et al. (2006) robustly detected the signature of a barred struc-
ture in the old population within the inner ±3◦ of Galactic longitude. Later,
about 3000 fundamental-mode RRLs from the MACHO database were used
to investigate the metallicity distribution of these stars (Kunder & Chaboyer,
2008) and interstellar extinction toward the Galactic bulge (Kunder et al.,
2008). It was determined that bulge variables have the average metallicity
[Fe/H]= −1.25 dex, with a broad range from [Fe/H]= −2.26 to −0.15 dex, on
the Zinn & West (1984) metallicity scale. Kunder & Chaboyer (2008) searched
for the evidence of the Galactic bar and found a marginal signature of a bar
at Galactic latitudes |b| < 3.5◦. The absence of a strong bar in the RR Lyrae
population clearly indicated that they represent a different population than
the metal-rich bulge. However, the shape of this population was far from being
fully known. More data covering preferably the whole bulge area were needed.
In 2001, the OGLE project started its third phase with a new mosaic eight-
CCD camera attached to the Warsaw Telescope. One of the OGLE-III results
was the release of a collection of 16,836 RRLs found in an area of 69 deg2
mostly south of the Galactic equator (Soszyn´ski et al, 2011). The collection
composed of 11,756 fundamental mode (RRab) stars, 4989 overtone pulsators
(RRc), and 91 double-mode (RRd) stars. OGLE provided time-series photom-
etry in two standard filters: V and I. This sample was promptly analyzed
by Pietrukowicz et al. (2012) who demonstrated that the bulge RRLs form
a metal-uniform population, slightly elongated in its inner part. The authors
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found that the photometrically derived metallicity distribution for RRab stars
is sharply peaked at [Fe/H]= −1.02± 0.18 dex with a dispersion of 0.25 dex,
on the Jurcsik (1995) metallicity scale. This result agreed very well with the
one from Kunder & Chaboyer (2008), since the Jurcsik (1995) scale is shifted
roughly by +0.24 dex with respect to the Zinn & West (1984) scale.
Pietrukowicz et al. (2012) also estimated the distance to the Milky Way
center based on the bulge RRLs to be R0 = 8.54 + / − 0.42 kpc. Here, the
theoretical period-luminosity-metallicity (PLZ) relations in V and I bands
published by Catelan et al. (2004) were used; the zero points of these relations
were calibrated to the data obtained for the well-studied representative glob-
ular cluster M3 (Catelan, 2004). In their analysis, Pietrukowicz et al. (2012)
made a simple assumption on a linear relation between I-band extinction AI
and reddening E(V −I). At that time it was the only reasonable way to unred-
den mean magnitudes of the RRLs. They showed that, for RRab stars as well
as for RRc stars, in the inner regions (|l| < 3◦, |b| < 4◦) the old population
indeed tends to follow the barred distribution of the bulge red clump giants.
A year later De´ka´ny et al. (2013) combined optical and near-infrared data
for the OGLE-III bulge RRLs to study the RRL spatial distribution. The
authors used mean I-band magnitudes from OGLE and Ks-band magnitudes
from the near-infrared VISTA Variables in the Vı´a La´ctea (VVV) survey (Min-
niti et al., 2010). VVV was one of the ESO (European Southern Observatory)
public surveys carried out on the 4.1-m Visible and Infrared Survey Tele-
scope for Astronomy (VISTA) in years 2010–2015. Observations were taken in
ZY JHKs filters and included the Milky Way bulge and an adjacent section
of the Galactic plane, covering a total area of about 562 deg2 (Saito et al.,
2012). The monitoring campaign was conducted only in the Ks band.
The approach applied by De´ka´ny et al. (2013) is expected to bring more
precise results than the ones based on optical data alone. That is because PLZ
relations have decreasing metallicity dependence toward longer wavelengths
and measurements in near-infrared wavebands are much less sensitive to in-
terstellar reddening than optical ones. De´ka´ny et al. (2013) concluded that the
population of RRLs does not trace a strong bar, but have a more spheroidal,
centrally concentrated distribution with only a mild elongation in its very cen-
ter at an angle i = 12.5◦ ± 0.5◦ with respect to the line of sight from the Sun
to the Galactic center.
The fourth phase of the OGLE project (OGLE-IV) (Udalski et al., 2015),
which was launch in 2010, covers practically the whole bulge in V and I pass-
bands. With the installation of a 32-CCD mosaic camera of a total field of view
of 1.4 deg2 OGLE became a truly wide-field variability survey. The OGLE-IV
collection of RRLs toward the Galactic bulge was released by Soszyn´ski et
al. (2014). This collection contains data on 38,257 variables detected over 182
deg2: 27,258 RRab, 10,825 RRc, and 174 RRd stars. The survey also includes
the central part of the Sagittarius Dwarf Spheroidal Galaxy with the globular
cluster M54 in its core.
Analysis of this set of data was undertaken also by the OGLE team and pre-
sented in Pietrukowicz et al. (2015). Due to some practical reasons the analysis
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was based only on RRab-type pulsators, and the part closest to the Galactic
plane (|b|<3) was avoided. RRab stars are more numerous. On average, they
are intrinsically brighter in the I-band and have higher amplitudes than RRc
stars. What is extremely important, RRab variables with their characteristic
saw-tooth-shaped light curves, in comparison to nearly sinusoidal light curves
of RRc stars, are harder to overlook. This makes the searches for these type of
variables more likely to yield better completeness ratios. Another very practi-
cal property of RRab stars is that based on the pulsation period and shape of
the light curve one can assess metallicity of the star (Jurcsik, 1995; Jurcsik &
Kova´cs, 1996; Sneden et al., 2008).
Pietrukowicz et al. (2015) found again that the spatial distribution of the
inner bulge RRLs trace closely the barred structure formed of intermediate-
age red clump giants. According to the most recent models of the Galactic
bar, it is close to being a prolate ellipsoid. Based on OGLE-III data Cao
et al. (2013) found the following axis ratios and inclination of the major axis:
1.0:0.43:0.40, i = 29.4◦. A similar result was obtained by Wegg & Gerhard
(2013) using VVV red clump data: 1.0:0.63:0.26, i = 27◦ ± 2◦. This time in
their analysis, Pietrukowicz et al. (2015) dereddened mean I-band magnitudes
of RRLs using a new relation derived by Nataf et al. (2013). The relation was
based on optical measurements from OGLE-III and near-infrared measure-
ments from 2MASS and VVV for bulge red clump giants. After this correc-
tion the obtained distance distribution to the bulge RRLs turned out to be
smoother in comparison with the previously used simple linear relation. They
found the maximum of the distribution or distance to the Galactic center at
R0 = 8.27± 0.01(stat)± 0.40(sys) kpc, which is in very good agreement with
estimates from other measuring methods. Pietrukowicz et al. (2015) showed
that the spatial distribution of the bulge RRLs has the shape of a triaxial el-
lipsoid with proportions 1:0.49:0.39 and the major axis located in the Galactic
plane and inclined at an angle i = 20◦ ± 3◦ to the Sun-(Galactic center) line
of sight (see Figure 5).
Differences between the De´ka´ny et al. (2013) results and those from OGLE-
IV are the following: (1) De´ka´ny et al. (2013) used a smaller sample of about
7700 RRab stars from the previous phase of the OGLE survey (OGLE-III),
while the OGLE-IV collection (Soszyn´ski et al., 2014) contain nearly 27,300
pulsators of this type. (2) The De´ka´ny et al. (2013) results are based on a
lower number of collected Ks-band measurements per light curve (about 40
by 2013), which could affect the average infrared brightness of the variables
and could slightly smear the observed structure. However, the amplitude vari-
ation in the Ks-band is a factor of ∼3 smaller than that in the I- or V -band.
(3) Because the De´ka´ny et al. (2013) results uses also infrared magnitudes, the
de-reddening process of the RRLs differers from that adopted in Pietrukowicz
et al. (2015). Resolution of the discrepancy between the OGLE-IV RRLs pre-
sented in Pietrukowicz et al. (2015) and the VVV RRLs presented in De´ka´ny
et al. (2013) is ongoing.
The obtained sharp ellipsoidal shape does not depend on the real final
distance to the studied objects. The true inclination angle as well as the axis
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Fig. 5 Results of the analysis of density distribution of OGLE-IV bulge RRab stars
(Pietrukowicz et al., 2015). Upper panel: Constant surface density lines in the sky are well
represented by ellipses with a mean flattening f = 0.33± 0.03. Middle panel: The maxima
of the density distributions along four selected lines of sight clearly get closer to us with
the increasing Galactic longitude. This strongly indicates the presence of a tilted axis in the
plane. Lower panel: In the projection onto the Galactic plane, points of the same density
level form inclined ellipses. Conclusion: the old bulge population has the shape of a triaxial
ellipsoid with the major axis inclined to us at an angle i = 20◦ ± 3◦.
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ratios may be slightly different than reported. These values may also change
with the galactocentric distance. This will be known once almost all RRLs (or
at least RRab-type variables) are detected from the inner bulge to the outer
Galactic halo. Unfortunately, searches for RRLs in obscured Galactic plane
regions are very difficult. That is because near-infrared light curves of these
pulsating stars have often symmetric, nearly sinusoidal shape. If the number
of data points per light curve is small and the time coverage too short, RRLs
can be easily confused with other variables, particularly with contact eclipsing
binaries and spotted variables. However, the first detection of RRLs in the
vicinity of the Galactic center, in the so-called nuclear bulge has been made
(Minniti et al., 2016; Dong et al., 2017).
A clear result from the analysis of the OGLE-IV bulge RRab variables is
that their spatial density distribution in the galactocentric distance range from
about 0.2 kpc to 2.8 kpc can be described as a single power law with an index
of −2.96±0.03. Pietrukowicz et al. (2015) also was not able to see an X-shaped
structure in the RRLs as it is observed in the case of bulge red clump giants
(Nataf et al., 2010; McWilliam & Zoccali, 2010). This is expected, as it was
found that only metal-rich bulge populations have this feature (Ness et al.,
2012).
Another discovery by Pietrukowicz et al. (2015) is that RRab stars form
two (or even more) very close sequences in the period–amplitude (or Bailey)
diagram. This is interpreted as the presence of multiple old populations being
likely the result of mergers in the early history of the Milky Way. So far, there
are no hints that the two major old populations have different structure. They
seem to be well mixed together. Lee & Jang (2016) suggest that the observed
period shift between the sequences can be explained by a small difference in
the helium abundance.
Recently, Pe´rez-Villegas et al. (2017) used N-body simulations to inves-
tigate the structural and kinematic properties of the old population in the
barred inner region of the Galaxy. They showed that the RR Lyrae popula-
tion in the bulge is consistent with being the inward extension of the Galactic
metal-poor stellar halo, as suggested by Minniti et al. (1998) and Pietrukowicz
(2016). Pe´rez-Villegas et al. (2017) followed the evolution of the metal-poor
population through the formation and evolution of the more massive bar and
boxy/peanut bulge and found the density distribution to change from oblate to
triaxial. They found that at the final time of the simulations (after 5 Gyr), the
axis ratios of the triaxial old stellar halo in its inner part reached b/a ∼ 0.6 and
c/a ∼ 0.5. The ratios increase with the distance from the center to roughly 1.0
and 0.7, respectively, at a distance of 5 kpc. These results are very consistent
with the observations of the bulge RRLs from OGLE-IV and also spectro-
scopic observations of old stars in the Milky Way halo by the SDSS survey.
According to the latter studies, the Galactic halo has an oblate shape (Juric´
et al., 2008; Carollo et al., 2008; Kinman et al., 2012). Ongoing photometric
surveys, such as Gaia, VVV eXtended (VVVX) and OGLE-IV with extended
coverage of the Galactic bulge and disk will continue in completing the picture
of the old bulge population drawn by RRLs.
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3 The Galactic bulge: 3D structure, chemical composition, and age
traced by its old stellar population
The formation and evolution of galaxies is still a heavily debated question of
modern astrophysics. As one of the major stellar components of the Milky
Way, the bulge provides critical and unique insights on the formation and evo-
lution of the Galaxy, as well as of the external galaxies. Indeed with the current
observational facilities, it is the only bulge in which we are able to resolve stars
down to the old main sequence turnoff, hence providing accurate studies of the
stellar populations in almost every evolutionary stage. The physical, kinemat-
ics and chemical properties of the stellar populations in the bulge allow us to
discriminate among various theoretical models for the formation and evolution
of bulges at large, setting tight constraints on the role that different processes
(i.e. dynamical instabilities, hierarchical mergers, gravitational collapse) may
have taken place.
However, this advantage comes with the need of covering a large area of the
sky (∼ 500 deg2). Therefore, to understand the global properties of the bulge
one should look for reliable tracers of distance and age that can be easily
observed in any region of the sky in the bulge direction. In this framework,
Red Clump stars and RRLs play a crucial role, and indeed over the decades
studies of these stars have been essential to build our current knowledge of
the Galactic bulge. The present section put together by Elena Valenti is not
intended to be a complete review of the Galactic bulge properties but an
overview of the bulge structure, chemical composition, and age based on the
observational results on RC stars and RRLs.
The age-metallicity relation and star formation history of the RCs in the
bulge is not well-known, so an error of up to ∼0.3 mag can be introduced when
trying to use these stars to derive a distance. At the distance of the bulge this
translates to ∼1 kpc. However, considering that overall the bulge is metal
rich and old (&10 Gyr), one could use the corresponding population effect
correction and therefore reduce the error on the distance. RRLs represent, on
the other hand, much more accurate distance candles. Unlike the RC stars,
they trace univocally the oldest stellar population of any given complex system
(see §2 above by P. Pietrukowicz).
In § 3.1, a global view of the three-dimensional structure of the bulge ad-
dressing the observational evidences is presented, that leads to determination
of the bar properties, the stellar density and the mass. The chemical compo-
sition and age of the bulge stellar populations are reviewed in § 3.2, and 3.3,
respectively. Finally, § 3.4 summarizes the main stellar properties that com-
bined define our current knowledge of the Milky Way bulge, and the pieces
of evidence that are still lacking in order to improve and possibly complete
the global picture are highlighted. Note that occasionally up to date versions
of relevant figures obtained using state of the art observational data are pre-
sented.
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Table 1 Axis scale lengths and orientation angle of the bulge main bar based on RC stars
distribution.
x0 y0 z0 Θ Data Area Reference
(kpc) (kpc) (kpc) (deg) (deg2)
1.2 0.40 0.30 24-27 OGLE-II ∼11 Rattenbury et al. (2007)
1.0 0.41 0.38 29-32 OGLE-III ∼90 Cao et al. (2013)
0.7 0.44 0.18 27 VVV ∼300 Wegg & Gerhard (2013)
3.1 The 3D structure
3.1.1 The bar boxy/peanut/X-shaped structure
Today it is well known that the Milky Way is a barred galaxy. Although the
first observational evidence of the presence of a bar in the innermost region of
the Galaxy was presented by Blitz & Spergel (1991) by using the stellar density
profile at 2.4µm by Matsumoto et al. (1982), its existence was hypothesized
nearly 20 years earlier. Indeed, to explain the departures from circular motions
seen in the HI line profile at 21 cm, de Vaucouleurs (1964) suggested for the
first time that the Milky Way could host a bar in its inner regions. After then,
over the decades, many different tracers - e.g. gas kinematics (Binney et al.,
1991), stellar surface profile (Weiland et al., 1994; Dwek et al., 1995; Binney
et al., 1997), microlensing experiments (Udalski et al., 2000; Alcock et al.,
2000), and OH/IR and SiO maser kinematics (Habing et al., 2006) - have
been used to confirm the presence of the bar and to constrain its properties.
Still, the strongest observational evidence for the presence of the bar comes
from the use of RC stars as standard candles to deproject the stellar density
distribution in the Galaxy inner region. By using the color-magnitude diagram
(CMD) derived from the OGLE (Udalski et al., 1992) photometry in Baade’s
Window (l = −1◦, b = −3.9◦) and in two additional fields at (±− 5◦,−3.5◦),
Stanek et al. (1994) found that the mean RC magnitude at positive longi-
tudes was brighter than the one observed at negative longitude. Under the
assumption that there is no continuous metallicity and age gradient along the
longitude, the observed change in mean RC magnitude across the field was in-
terpreted in terms of distance. Stars at positive longitudes are brighter, hence
closer, than those at negative longitudes. By using a triaxial model for the
bulge, Stanek et al. (1994) derived a bar pivot angle of Θ = 45◦.
Following this pioneering work, many studies (see Stanek et al., 1997; Bis-
sant & Gerhard, 2002; Babusiaux & Gilmore, 2005; Benjamin et al., 2005;
Nishiyama et al., 2005; Rattenbury et al., 2007; Lopez-Corredoira et al., 2007;
Cabrera-Lavers et al., 2008; Cao et al., 2013; Wegg & Gerhard, 2013) have used
RC stars to constrain triaxial bar models. Table 1 lists the axis scale lengths
and orientation angles of the bar as derived by Rattenbury et al. (2007); Cao
et al. (2013); Wegg & Gerhard (2013), which among all similar studies, are
those considering the largest bulge area, therefore possibly providing more
accurate estimates of the bar physical properties.
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Fig. 6 Luminosity function of the bulge RGB and RC, in several fields. The large box
(middle) marks the bulge area covered by the VVV survey, with the seven fields for which
the RGB luminosity function is probed. The shaded blue rectangle refers to the region where
the double RC is visible (|b| > 5◦, |l| < 4◦). The shading is finer where the double RC is
clearly evident and becomes wider when one of the two RCs becomes significantly weaker
than the other. The bottom left corner panel shows the CMD of the field at (−8◦,+8◦) as an
example of the colour selection applied to exclude the main sequence of the foreground disc.
Orange horizontal lines mark the magnitude of the two RCs in the five fields at b = −8◦
shown in the bottom panels. Green horizontal lines mark the magnitude of the two RCs at
b = −6◦, shown at the top right. Only one RC is visible at b = −4◦ (Baade’s Window),
shown at the top left. Figure reproduced from Gonzalez et al. (2015, their Figure 1).
Owing to the RC stars distribution across the bulge, we now know that
the bar has a boxy/peanut/X-shape structure in its outer regions: a typical
characteristic of all barred galaxies when seen edge-on (Laurikainen et al.,
2014; Laurikainen & Salo, 2017, for a recent review). McWilliam et al. (2010)
and Zoccali et al. (2010) were the first who noticed that the distribution of
the RC stars in some fields in the outer regions (|b| > 5◦) along the bulge
minor axis (l = 0◦) was bimodal, suggesting the presence of a double RC. The
observed split in the RC mean magnitude was then confirmed by McWilliam &
Zoccali (2010) and Nataf et al. (2010) by using 2MASS and OGLE photometry,
respectively. The authors explained the split in the RC as signature of two
southern arms of an X-shape structure crossing the line of sight. An alternative
explanation is that the double RC phenomenon is a manifestation of multiple
populations observed in globular clusters (GCs) in the metal-rich regime (Lee
et al., 2015; Joo et al., 2017).
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Shortly after, the 2MASS-based 3D map of the RC distribution over a
bulge area of 170 deg2 by Saito et al. (2011) confirmed the presence of the X-
shape and showed that the two RC over-densities were only visible in the outer
bulge (i.e. b < −5◦, and b > 5◦) along the deprojected minor axis (|l| ≤ 5◦,
see also Figure 6). Thanks to the superior quality, in terms of photometric
depth and spatial resolution, of the near-IR Vista Variable in the Via Lactea
(VVV, Minniti et al., 2010; Saito et al., 2012) Wegg & Gerhard (2013) mod-
elled the observed RC distribution across the whole bulge area (∼ 300 deg2)
thus providing the first complete map of its X-shape structure. Although not
specifically obtained through the study of RC stars, it is worth mentioning
in this context the latest work by Ness & Lang (2016) based on WISE im-
ages, in which the X-shape nature of the Milky Way bulge revealed itself with
unquestionable doubts (see their Figure 2).
There is now a general consensus that the majority of the observed Milky
Way bulge structure is a natural consequence of the evolution of the bar.
The bar heats the disk in the vertical direction giving rise to the typical
boxy/peanut shape. Dynamical instabilities cause bending and buckling of
the elongating stellar orbits within the bar, resulting in an X-shape when
seen edge-on (Raha et al., 1991; Merritt & Sellwood, 1994; Patsis et al.,
2002; Athanassoula, 2005; Bureau & Athanassoula , 2005; Debattista et al.,
2006). However, the possible presence of a metal-poor spheroid embedded in
the boxy/peanut bulge seems to be suggested by a number of fairly recent
studies investigating the correlation between RC stars chemical and kinemat-
ics properties, as well as the spatial distribution of other stellar tracers, such
as RRL, Mira and Type II Cepheids (T2C) variables. While the readers are
referred to §1 above for an overview on the bulge kinematics, here it is however
worth mentioning that metal-poor ([Fe/H]. 0) stars in the Baade’s window
show negligible vertex deviation (lν ∼ 0) consistent with those of a spheroid.
Conversely, metal-rich ([Fe/H]& 0) stars exhibit significant (lν ∼ 40) elongated
motions typical of galactic bars (Babusiaux et al., 2010). In addition, based
on the spectroscopic data provided by the ARGOS survey (i.e. ∼ 14, 000 RC
stars; Freeman et al., 2013), Ness et al. (2012) demonstrated that only the
distribution of metal-rich stars shows the split in RC, a univocal signature of
the bar X-shape. On the other hand, metal-poor stars show only a single RC
peak. The scenario in which the metal-poor bulge stars, and therefore possibly
the oldest population, do not trace the bar structure is also supported by the
observed distribution of Mira (Catchpole et al., 2016), RRLs (De´ka´ny et al.,
2013), and T2C (Bhardwaj et al., 2017) variables. In particular, by using a
combination of near-IR and optical data from VVV and OGLE-III, Bhard-
waj et al. (2017) found that their sample of T2C population in the Galactic
bulge shows a centrally concentrated spatial distribution, similar to OGLE-IV
counterparts of metal-poor RRLs from the VVV. Mira stars are also consis-
tent with belonging to a boxy bulge(Lo´pez-Corredoira, 2017). It should be
noted, however, that the spatial distribution of RRLs in the bulge is somehow
still debated given that Pietrukowicz et al. (2015) by using OGLE-IV data
did confirmed the presence of a bar in their spatial distribution, although the
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Fig. 7 Density map in the longitude-latitude plane based on VVV RC star counts from
Valenti et al. (2016). Star counts are normalized to the maximum (Max). Solid contours
are isodensity curves, linearly spaced by 0.1×Max deg−2. Figure reproduced from Zoccali
& Valenti (2016, The 3D structure of the Galactic bulge, their Figure 4).
extension, pivot angle and ellipticity of the structure traced by the RRLs are
significantly smaller than that traced by RC stars (see §2 above).
3.1.2 The stellar density map
More than two decades ago, Weiland et al. (1994) presented the first low
angular resolution map at 1.25, 2.2, 3.5 and 4.9µm of the whole Milky Way
bulge based on the COBE/DIRBE data. After correction for extinction and
subtraction of an empirical model for the Galactic disk, the derived surface
brightness profile of the bulge was then used to study its global morphology
and structure. However, more detailed investigations of the bulge innermost
region (i.e. |b| ≤ 5◦, |l| ≤ 10◦) have been possible only recently thanks to the
VVV survey. Valenti et al. (2016) presented the first stellar density profile of
the bulge (see Figure 7) reaching latitude b = 0◦. Specifically, by counting RC
stars within the CMD as obtained from accurate PSF-fitting photometry of
VVV data and previously corrected for extinction by using the reddening map
of Gonzalez et al. (2011), they derived a new stellar density map that allowed
to investigate the morphology of the innermost regions with unprecedented
accuracy. As seen from Figure 7, the vertical extent of the isodensity contours
is larger at l > 0◦. This is an expected consequence of a bar whose closest
side points towards positive longitude. The high stellar density peak in the
innermost region (i.e. |l| ≤ 1◦ and |b| ≤ 1◦) spatially matches the σ-peak
found by GIBS, the kinematics survey of RC (Zoccali et al., 2014) and by
Valenti et al. (2018, in prep). The stellar density maximum is found in the
region |l| ≤ 1◦ and |b| ≤ 0.5◦, and slightly asymmetric with respect to the
bulge minor axis.
22 Kunder, Valenti, Dall’Ora, Pietrukowicz, Sneden, Bono et al.
Fig. 8 Deprojection of the RC density shown in Figure 7 at different latitudes.
The observed overall elongation of the density contours towards the nega-
tive longitudes is, nevertheless, found to be progressively less pronounced when
moving closer to the Galactic plane. Indeed, as shown in Figure 8 the depro-
jected density maps become more and more spherically concentrated when
RC stars at lower latitudes are considered, hence suggesting the presence of a
quasi-axisymmetric structure in the innermost region. This evidence supports
the claim by Gerhard & Martinez-Valpuesta (2012) that: the variation in the
RC slope at b = ±1◦ and |l| ≤ 10◦ observed by Nishiyama et al. (2005, by
using OGLE data) and by Gonzalez et al. (2011, based on VVV photometry),
and interpreted by these authors as evidence for the presence of a nuclear
bar in the inner bulge, is instead caused by a variation of the stellar density
distribution along the line of sight.
By using a combination of UKIDSS, VVV, 2MASS and GLIMPSE data,
Wegg et al. (2015) presented the so far largest (i.e. ∼ 1900 deg2) density
map of the Milky Way and long bar based on RC stars (see Figure 9). A
particularly interesting result of this study is that the orientation angle of
the long bar constrained by the best-fit model to the observed density map
is consistent with that of the triaxial bulge (i.e. the main bar, 28◦ − 33◦).
In other words, unlike several previous studies suggesting the presence of a
long bar tilted by ∼ 45◦ with respect to the Sun-Galactic centre line (i.e. in
addition to the main bar; Benjamin et al., 2005; Lopez-Corredoira et al., 2007;
Cabrera-Lavers et al., 2007, 2008; Vallenari et al., 2008; Churchwell et al.,
2015; Amoˆres et al., 2013), the long bar with a semimajor axis of ∼ 4.6 kpc in
length as modelled by Wegg et al. (2015) appears to be the natural extension
of the bulge main bar at higher longitude. This result nicely fits the scenario
proposed by Martinez-Valpuesta & Gerhard (2011) and Romero-Go´mez et al.
(2011) based on N-body simulations, where long and main bar are parts of the
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Fig. 9 Surface density map of RC stars based on VVV, UKIDSS and 2MASS Ks-band
photometry. Figure reproduced from Wegg et al. (2015, Structure of the Milky Way’s bar
outside the bulge, their Figure 1).
same structure. According to this, the boxy/peanut shape bulge would then
simply be the central vertical extension of a longer and flatter single bar.
3.1.3 The mass
One of the fundamental question of Galactic astronomy is the determination of
the mass distribution in the Milky Way because in general the mass of a given
system is more likely the key element driving its evolution (see Courteau et al.,
2014, for a detailed review). In this context, over the past three decades many
studies addressed this specific question, deriving the dynamical mass of the
Galaxy bulge either by matching the galactic rotation curve inside ∼1 kpc, or
by measuring the kinematics (i.e. velocity and velocity dispersion) of a variety
of different tracers (i.e. stellar and gas). Then by using an observed luminosity
profile (generally in K-band) one can derive the M/L ratio, which ultimately
leads to the mass of the bulge (Sellwood & Sanders, 1988). Historically, the
M/L ratio derived from fitting the rotation curve has been often found to be ∼
2−3, while the M/L ratio derived from stellar kinematics∼ 1. Such discrepancy
has been often explained using the argument that the mass derived from the
rotation curve is overestimated because of the presence of large non-circular
motions that distort the rotation curve (Sofue, 1990; Yoshino & Ichikawa,
2008). Indeed, the accuracy on the measurement of the rotation curve strongly
depends on the accuracy on the distance to the Galactic centre and the solar
circular velocity. In addition, the rotation curves as derived from Hα and, in
general from other gas tracers (i.e. HI, HII) are often influenced by non-circular
components (i.e. inflow, outflow, streaming motions), rather than an ordered
(regular) circular motion. This inevitably led to very different results for the
mass of the bulge. Chemin et al. (2015) recently reviewed the uncertainties
and bias affecting the determination of the Milky Way rotation curves and
the consequent effects on the derived mass distribution. Table 2 lists a number
of studies, together with the adopted observables/diagnostics, that over the
years tackled the problem of deriving the bulge mass. Although the reader
should refrain from considering Table 2 a complete compilation, it is evident
that the large spread in the listed values make the mass of the bulge still poorly
constrained. Most estimates cluster to 1.5 × 1010M, however a few authors
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Table 2 Estimates of the bulge mass over the last three decades.
Mass Diagnostics Reference
(×1010M)
3.0 Rotation curve & M/L∼ 3 Sellwood & Sanders (1988)
1.2 2.4 micron map IRT Spacelab 2 mission Kent (1992)
2.0 Stellar kinematics & COBE brightness profile Zhao et al. (1994)
1.3 COBE brightness profile Dwek et al. (1995)
1.6 microlensing depth & COBE brightness profile Han & Gould (1995)
2.8 Stellar kinematics & COBE brightness profile Blum (1995)
2.4 Star counts DENIS near-IR (Besanc¸on model) Picaud & Robin (2004)
1.8 Gas rotation curve Sofue (2009)
0.6 star counts, kinematics and metallicity (Besanc¸on model) Robin et al. (2012)
0.8 Unified rotation curve, CS & CO Sofue (2013)
1.8 OGLE RC star counts Cao et al. (2013)
1.8 M2M dynamical model & VVV RC density Portail et al. (2015)
2.0 VVV RC star counts & observed IMF Valenti et al. (2016)
found values as large as 3 × 1010M (Sellwood & Sanders, 1988) or as small
as 0.6× 1010M (Robin et al., 2012).
In this context, a special mention is deserved for the two most recent works
by Portail et al. (2015) and Valenti et al. (2016) which, although following
different methodologies, they both use the distribution of the RC stars as
derived by the VVV photometry. Portail et al. (2015) used made-to-measure
dynamical model of the bulge, with different dark matter halo to match the
stellar kinematics from BRAVA (Rich et al., 2007; Kunder et al., 2012) and the
3D surface brightness profile derived by Wegg & Gerhard (2013). Their best-fit
model is consistent with the bulge having a dynamical mass of 1.8 ± 0.07 ×
1010M, with a dark matter content that varies with the adopted IMF. When
the observed IMF of Zoccali et al. (2000) is considered about 0.7 × 1010M
(i.e. 40%) of dark matter is required in the bulge region. In addition, they
estimated that the total stellar mass involved in the peanut shape accounts
for ∼20% of the total stellar bulge mass.
On the other hands, by scaling the observed VVV RC stellar density map
(see Figure 7) with the observed bulge luminosity function from Zoccali et al.
(2000), and Zoccali et al. (2003), Valenti et al. (2016) provided the first empir-
ical, hence no model-dependent, estimate of the bulge stellar mass. From the
observed stellar mass profile shown in Figure 10, the authors estimated that
the mass in stars and remnants of the Milky Way bulge in the region |b| < 9.5◦
and |l| < 10◦ is 2.0± 0.3× 1010M.
These two latest estimates are found compatible within the quoted errors,
and they might be even more close when considering that the empirical esti-
mate by Valenti et al. (2016) refers to a larger volume that is not limited along
the line of sight.
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Fig. 10 Stellar mass profile across latitude in each VVV field for fixed longitudes. Filled
symbols with dotted lines refer to b < 0, empty symbols with solid lines to b > 0 fields.
The lower part of the plot has an expanded y-axis for a better display of the high negative
longitudes, owing to the higher extinction, hence higher incompleteness in those fields. Figure
reproduced from Valenti et al. (2016, Stellar density profile and mass of the Milky Way bulge
from VVV data, their Figure 5.).
3.2 The chemical composition
Because the chemical content of any given stellar system retains crucial infor-
mation to unveil its origin, formation and evolution (McWilliam, 2016), after
the pioneering works of Frogel et al. (1984) and Rich (1988) several studies
over the decades focussed on the determination of the bulge stars metallicity
and abundances distribution to understand how the bulge formed. What fol-
lows is not meant to be a comprehensive compilation of all such studies for
which one should dedicated a entire single review, but rather a summary of
our current knowledge of the chemical composition of the bulge based on the
latest results from RC and RRLs.
3.2.1 The metallicity distribution
As emphasized by Matteucci et al. (1999); Ferreras et al. (2003), the peak
and shape of the metallicity distribution functions (MDF) provide important
constraints on the IMF, star formation efficiency, as well as to the possible gas
infall timescale. However, until less than a decade ago, accurate MDF based on
high-resolution spectroscopy were available only for a handful number of sparse
fields mainly located along the bulge minor axis (see i.e. McWilliam & Rich,
1994; Fulbright et al., 2007; Rich et al., 2007; Johnson et al., 2011; Gonzalez
et al., 2011; Hill et al., 2011; Rich et al., 2012, , and reference therein). The de-
rived MDFs were consistent across various studies, which all agreed in finding
the bulge population to be on average metal-rich, although spanning a fairly
broad metallicity range (e.g. −1.5 .[Fe/H]. +0.5). Our comprehension of the
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Table 3 For each spectroscopic survey, the total number of stars, the total number of
targeted fields and the region within the bulge covered by the observations are given.
Survey Total RC stars Number of fields Bulge region
ARGOS 14,000 27 −10◦ < b < −5◦, |l| . +30◦
GIBS 5,500 26 −8◦ < b < −1◦, b = +4, |l| . +30◦
Gaia-ESO 1,200 5 −10◦ < b < −4◦, −10◦ < l < 7◦
MDF of the bulge has improved tremendously thanks to three spectroscopic
surveys, namely ARGOS (Freeman et al., 2013), GIBS (Zoccali et al., 2014),
and ESO-Gaia (Rojas-Arriagada et al., 2014), that all together have provided
spectra for more than 20,000 RC stars across most of the inner and outer bulge
regions (see Table 3 for further details). The MDF derived by these surveys
confirmed previous results although extending them on a much larger area.
The mean bulge population across all fields is metal-rich with a small fraction
of stars with [Fe/H]> +0.5 dex and [Fe/H]< −1.5 dex. Only in the outermost
fields (b > −7◦, |l| > 10◦) observed by ARGOS the MDF reaches metallicity
as low as ∼-2.5 dex. In addition, a mild vertical gradient is found when con-
sidering the mean metallicity of each field, such as the metallicity increases
moving inwards along the bulge minor axis, hence confirming what suggested
previously by Minniti (1995), and Zoccali et al. (2008). However, thanks to
statistically robust target samples a detailed study of the MDF shape has been
possible for the first time, revealing the presence of multiple components. The
observed overall metallicity gradient is therefore explained as a consequence
of the presence of two (see Zoccali et al., 2017; Rojas-Arriagada et al., 2014)
or more (see Ness et al. , 2013b) components with different mean metallic-
ity. As evident from Figure 11, the variations of the relative contribution of
these components across the fields (i.e. metal-rich stars component becoming
progressively less prominent towards the outer region) mimic the observed gra-
dient. However, Zoccali et al. (2017) found also that at latitudes smaller than
|b| = 3◦ the metal-poor component becomes important again (see first 2 top
panels of Figure 11), its relative fraction increases again close to the plane. To
further investigate the spatial distribution of the two components they mapped
their distribution by coupling the relative fractions derived by GIBS with the
bulge stellar density from Valenti et al. (2016). The result, shown in Figure 12,
demonstrates that the metal-poor component has a spheroid-like spatial dis-
tribution, versus a boxy distribution of the metal-rich component. In addition,
the metal-poor component shows a steeper radial density gradient.
Although as mentioned before the bulge kinematics is the subject of an-
other paper in this volume (see §1 above by A. Kunder), here I will only briefly
mention that the two components were found to have also different kinematics.
Indeed, as already found by the BRAVA (Kunder et al., 2012) and ARGOS
survey (Ness et al., 2013a), in the outer bulge (|b| > 4◦) the metal-poor compo-
nent has a higher radial velocity dispersion compared to the metal-rich one, at
all longitudes. However, Zoccali et al. (2017) showed that such behavior is re-
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Fig. 11 MDF of RC stars at constant latitudes. The fraction of metal-poor stars, compared
to the total, is given in each panel. Vertical dashed lines mark the limits of the metal-poor
and metal-rich populations. Figure adapted from Zoccali et al. (2017, GIBS-III: MDFs and
kinematics for 26 fields, their Figure 7).
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Fig. 12 Density map of metal-poor (left) and metal-rich (right) RC stars obtained using
the MDF of GIBS fields and the total number of RC stars from Valenti et al. (2016). Figure
adapted from Zoccali et al. (2017, GIBS-III: MDFs and kinematics for 26 fields, their
Figure 9).
versed in the inner bulge. Specifically, the velocity dispersion of the metal-poor
stars at b = −3.5◦,−2◦ becomes similar to that of the metal-rich counterpart,
and progressively becomes smaller at b = −1◦.
While the chemical abundances of the RC stars in the bulge is one of the
topics that received more attention in the recent years, the number of studies
addressing the chemical content of the oldest bulge population, such the RRLs,
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is still very limited. Perhaps mostly due to the observational challenges that
spectroscopic observations of RRL face, as of today there is no high-medium
resolution spectroscopic measurements of a sizeable sample of RRLs in the
bulge. In K-band RRLs are in general about 0.5 mag fainter than RC stars,
hence their brightness makes them suitable targets at high resolution only
with 4 m-class telescope or above, depending on the bulge region. In addition,
because they are much less numerous than RC stars, and so more sparsely
distributed RRLs are not even suitable targets for the vast majority of the
current multiplexing spectrograph facilities. An additional complication is the
fact that the metallicity derived from the line equivalent width measurements
strongly depends upon the pulsation phase at which the star was observed.
This necessarily implies a good knowledge of the variables. All of these factors
make their observations very telescope time consuming.
As of today the only spectroscopic study of a sizeable sample of bulge RRLs
has been presented by Walker & Terndrup (1991), who derived the MDF of 59
RRLs in the Baade’s window. The individual star metallicities were derived
through the ∆S method (i.e. low-resolution, see Suntzeff et al., 1991, for a de-
tailed description of the ∆S method) and their distribution is found to cluster
around [Fe/H] = −1 dex. Although the MDF is relatively broad, spanning a
range of about 1 dex, −1.7 .[Fe/H]. −0.5, its very sharp peak accounts for
≈80% of the entire sample. Based on the derived MDF, the authors concluded
that the RRL are being produced by the metal-poor tail of K giants distribu-
tion (see also Figure 11).
Recently, Pietrukowicz et al. (2015) provided a photometric MDF based on
more than 27,000 RRLs from the OGLE-IV catalogs and located in the bulge
region between |l| . 10◦ and −8◦ . b . −2◦, +2◦ . b . +5◦. The photomet-
ric MDF is much broader than the spectroscopic one, as it spans mostly the
range −2.5 .[Fe/H]. +0.5, although the peak is found at the same metallic-
ity, [Fe/H]=–1 dex. The authors showed that there is no correlation between
the distance and the shape of the MDF, however they find a very mild, but
statistically significant, radial metallicity gradient (i.e. the metal-rich popula-
tion increases towards the centre). Based on the analysis of the Bailey diagram
(i.e. period-amplitude diagram) the authors argue for the existence of two dif-
ferent population of RRLs with likely different metallicity, similar to the bulge
RC counterparts. However, it should be mentioned that unlike what is ob-
served in the MDF of RC stars, these 2 populations of RRLs with different
metallicity do not probably change in relative fraction given that the global
MDF conserves its shape throughout the total covered bulge area. Moreover,
because of the lack of RRLs spectroscopic measurements in the metal-rich
regime, [Fe/H] > −0.5 dex (see Walker & Terndrup, 1991), one should refrain
from drawing any firm conclusion from the available RRL MDF.
3.2.2 The α-elements abundances
The detailed study of the chemical abundances and abundance patterns in
bulge stars provides a unique tool to understand the chemical evolution en-
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richment of the bulge, and therefore to set tight constraints on its formation
scenario. The elemental abundance distributions, and the abundance ratio of
certain critical elements such as Fe-peak, CNO, and α-elements (i.e. those
synthesized from α particles as O, Ne, Mg, Si, Ti, Ca and S) are particu-
larly suitable for this purpose. Indeed, these elements are synthesized in stars
of different masses, hence released into the interstellar medium on different
timescales.
Because most of the chemical information on RC stars comes from the analysis
of the α-elements, what follows is a summary of the picture built upon those
measurements. It is not meant to be a comprehensive review of the global
chemical composition of the bulge, for which the readers are instead encour-
aged to refer to McWilliam (2016).
As mentioned above a particularly useful abundance ratio is [α/Fe]. Due to
the time delay in the bulk of Fe and iron-peak elements production (mostly
due to SNe Ia, see Nomoto et al., 1984) relative to α-elements (due to SNe II,
see Woosley & Weaver, 1995), the [α/Fe] abundance ratio can be efficiently
used as a cosmic clock (see e.g. McWilliam, 1997; Wyse, 2000, and references
therein). For this reason many studies in the past addressed this question pro-
viding [α/Fe] ratios for relatively small sample of K and M giants in few bulge
regions (see McWilliam & Rich, 1994; Rich et al., 2005; Cunha & Smith, 2006;
Fulbright et al., 2007; Lecureur et al., 2007; Rich et al., 2007; Mele´ndez et al,
2008; Alves-Brito et al., 2010; Johnson et al., 2011; Gonzalez et al., 2011; Hill
et al., 2011; Rich et al., 2012; Bensby et al., 2013; Johnson et al., 2014; Bensby
et al., 2017, and references therein). As it has been the case for the MDF, the
advent of the recent spectroscopic surveys ARGOS (Ness et al. , 2013b) and
GIBS (Gonzalez et al., 2015) provided α-element abundances for thousands
of RC stars over a large area, hence allowing to study the [α/Fe] trends as a
function of the position in the bulge.
All previous and very recent studies agree on finding the bulge to be α-elements
enhanced with respect to the solar value, thus suggesting a fast bulge forma-
tion scenario. As shown in Figure 13, the α-element abundances of bulge stars
with [Fe/H]< −0.3 are enhanced over iron by ∼ 0.3 dex, whereas metal-rich
stars show a decrease in [α/Fe] reaching 0 for metallicity above the solar val-
ues. However, as discussed in Gonzalez et al. (2011) the direct translation of
this trend to absolute timescales is not easy because the SNe Ia delay time can
depend on different production channels. This is the reason why a relative ap-
proach through the comparison of [α/Fe] trends observed in different Galactic
components turns to be more reliable. From the comparison between bulge
RC and giants in the thin and thick disk (see Figure 13, right panels), the
α-elements enhancement of the bulge with respect to the thin disk is evident
across most of the entire metallicity regime. At solar metallicity, the bulge
and thin disk are both α-poor. On the other hands, the thick disk giants are
found to be as α-enhanced as the bulge, although they never reach the high
metallicity tail of bulge stars. A possible interpretation of this relative trends
is that the metal-poor bulge population experienced a fast formation scenario
similar to the thick disk, whereas the metal-rich bulge population underwent
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a more extended (i.e. longer) star formation, on a timescale similar to that of
the thin disk.
0.01   0.07   0.14    0.20
Fig. 13 Left: Distribution of [Mg/Fe] (upper panel) and [Ca/Fe] (lower panel) as a func-
tion of [Fe/H]. The abundances of [Mg/Fe] and [Ca/Fe] are color-coded according to their
estimated uncertainty. The uncertainty contour of [Mg/Fe] is also shown in the background
of both panels. – Right: Distribution of [Mg/Fe] (upper panel) and [Ca/Fe] (lower panel) as
a function of [Fe/H] used as diagnostic of the formation timescale of the bulge. Red circles
refers to GIBS abundances, whereas black symbols mark the abundances from Gonzalez
et al. (2011). Figure adapted from Gonzalez et al. (2015, The GIRAFFE Inner Bulge Sur-
vey (GIBS). II. Metallicity distributions and alpha element abundances at fixed Galactic
latitude, their Figures 8 and 9).
3.3 The age
An accurate dating of the bulge stellar component allows one to gauge at
which lookback (i.e., at which redshift) one should look for possible analogs
of the Milky Way, when their bulge formation processes were about to start,
well on their way, or even already concluded. Indeed, with an age of ∼10 Gyr
or older, it is at z&2 that such analogs can be searched, or at lower redshift if
significant fraction of the stellar component is found to be several Gyr younger
(see Valenti et al., 2013, for detailed discussion).
However, dating bulge stars is a very complicated task, challenged by the
stellar crowding, the patchy and highly variable extinction, the uncertainties
in the distance modulus, the distance spread due to the spatial depth of the
bulge/bar along the line of sight, the metallicity dispersion and finally the
contamination by foreground disk stars. The different contribution of all these
factors prevents accurate location in terms of magnitude and color of the
main sequence turnoff (MSTO) of the bulge population, so far among the
most reliable age diagnostics (see Renzini & Fusi Pecci , 1988, and §5 by G.
Bono).
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Historically, the earliest age constraint by van den Bergh & Herbst (1974)
in the Plaut field along the bulge minor axis at b = −8◦ (∼1 kpc) indicated
a globular cluster (GC) like age. Terndrup (1988) fit the photometry of other
bulge fields at a range of latitudes with GC isochrones of varying metallicity,
but because lacking a secure distance for the bulge he derived only a weak age
constraint (11-14 Gyr). Ortolani et al (1995) solved the problem of contami-
nation and distance uncertainties by comparing the bulge population with the
NGC 6528 and NGC 6553 clusters. Forcing the bulge field and cluster luminos-
ity function to match the HB clump luminosity level, it was possible to show
for the first time that the relative ages of the bulge and metal-rich cluster
population could not differ by more than 5%. Feltzing & Gilmore (2000) used
HST-based photometry of Baade’s window and another low extinction field
known as the Sgr-I (i.e. at l = 1.25◦ and b = 2.65◦) to argue that while the
density of the bulge MSTO stars increases for field closer to the centre, the
foreground population does not change. They concluded that the bulk of the
bulge population must therefore be old. The case for an old bulge has been fur-
ther strengthened by later and more accurate photometric studies of different
bulge fields, and by tackling the problem of contamination by foreground disk
stars either kinematically by using proper motions, or statistically by consid-
ering control disk fields. Table 4 lists the location of the each observed field
together with the adopted decontamination approach.
Table 4 Position of the bulge fields for which an age estimate of the stellar population has
been provided through MSTO determination.
longitude latitude Disk decontamination Reference
+1.13◦ -3.77◦ proper motions Kuijken & Rich (1982)
+1.25◦ -2.65◦ proper motions Kuijken & Rich (1982)
0◦ -6◦ statistical Zoccali et al. (2003)
+1.25◦ -2.65◦ proper motions Clarkson et al. (2008, 2011)
+0.25◦ -2.15◦ proper motions Brown et al. (2010)
+1.26◦ -2.65◦ proper motions Brown et al. (2010)
+1.06◦ -3.85◦ proper motions Brown et al. (2010)
-6.75◦ -3.81◦ proper motions Brown et al. (2010)
+10.3◦ -4.2◦ statistical Valenti et al. (2013)
-6.8◦ -4.7◦ statistical Valenti et al. (2013)
As all previous studies, Valenti et al. (2013) found that the bulk stellar
population of the Milky Way bar edges is over ∼ 10 Gyr old (see Figure 14),
with no obvious evidence of younger population. This age is indistinguishable
from the one reported for more inner bulge fields, a few degrees from the
Galactic centre or lying along the bulge minor axis. From the analysis of the
MSTO in the HST-based CMD kinematically decontaminated, Clarkson et al.
(2011) concluded that once the blue stragglers population is taken into account
a significantly younger (.5 Gyr) population in the bulge must be at most 3.4%.
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Fig. 14 Disk-decontaminated CMD of the field located at the far edge of the bar with
over-plotted theoretical isochrones (Valcarce et al., 2012). Isochrones ages, metallicity and
helium abundances are indicated near the top-left corner of each panel. Sub-solar isochrones
are α-enhanced, and solar-scaled otherwise.The metallicity range covered by the bulk of the
star in this field is 0.002 . Z & 0.060, as derived from the observed photometric metallicity
distribution. Open circles mark stars that are most likely blue stragglers. Figure adapted
from Valenti et al. (2013, Stellar ages through the corner of the boxy bulge, their Figure 10).
However, there is a clear discrepancy between the ages inferred from the
determination of the MSTO location in the observed CMDs and those derived
by the microlensed project of Bensby and collaborators, which estimates single
star age from its effective temperature and gravity (i.e. from isochrones in the
Teff , log g plane) as obtained from high resolution spectra. Indeed, based on a
sample of 90 F and G dwarf, turnoff and subgiant stars in the bulge (i.e. |l| . 6◦
and −6◦ < b < 1◦) observed during microlensing, Bensby et al. (2017) found
that about 35% of the metal-rich star ([Fe/H]> 0) are younger than 8 Gyr,
whereas the vast majority of metal-poor ([Fe/H]. −0.5) are 10 Gyr or older.
In addition, from the derived age-metallicity and age-α elements distribution
the authors concluded that the bulge must have experienced several significant
star formation episodes, about 3, 6, 8 and 12 Gyr ago.
As discussed by Valenti et al. (2013), each of the two approaches has its own
pros and cons. The microlensing approach depends more heavily on model at-
mospheres that may introduce systematics especially in the metal rich regime,
and it deals with small number statistics. At the same time, it has the ad-
vantage that the metallicity of each individual stars is very well constrained.
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Conversely, by dealing with a statistically significant number of stars, the tra-
ditional CMD method should in principle be able to reveal the presence of
young populations. However, in this case the metallicity of individual stars
are unknown, therefore one does not know if, for instance, some of the stars
above the MSTO of the Z = 0.060 isochrones (see Figure 14) are old and have
lower metallicity, or whether they are metal-rich stars younger than 10 Gyr.
The effect of the age metallicity degeneracy, specifically in terms of the
color spread of the MSTO in the observed CMDs has been used by Haywood
et al. (2016) to argue in favor of the scenario suggested by the microlensing
results. In particular, Haywood et al. (2016) compared the MSTO color spread
observed in the CMD of Clarkson et al. (2011) with that of synthetic CMDs,
obtained by using two scenarios corresponding to different age-metallicity re-
lation (AMR). In scenario I a simulated CMD was obtained by using the AMR
presented by Bensby et al. (2013) (i.e. based on a total sample of 59 micorlensed
drawf), whereas for scenario II an AMR that extends from [Fe/H]= −1.35 dex
at 13.5 Gyr to [Fe/H]= +0.5 dex at 10 Gyr was adopted. When taking into
account distance, reddening and metallicity effects, Haywood et al. (2016)
showed that the MSTO color spread of a purely old stellar population would
be wider than what observed, which in turn appears to be consistent with the
simulation obtained from the scenario I. Unfortunately, what the Haywood
et al. (2016) paper does not address is the fact that the simulation using the
AMR of Bensby et al. (2013) produced a CMD that not only has a smaller
MSTO color spread like the observed one but also show a remarkable number
of stars just above (i.e. brighter) the MSTO, which are not matched by the
observations (see their Figure 8). In this respect, the comparison between ob-
servations and simulations presented by Zoccali et al. (2003) to infer the age
of the bulge population would seem more appropriate because the synthetic
CMD was obtained by using the observed luminosity function, and therefore
the comparison was done such as to match not only the location and spread
in color of the MSTO, but also the number of stars at the MSTO level.
3.4 Summary and conclusions
Owing to the systematic and detailed study of RC star properties performed
in the last decade by using wide area photometric surveys we have finally
reached a good and complete comprehension of the 3D structure of the Milky
Way bulge. The bulge, as referred as the region in the inner ∼3 kpc is a bar
with an orientation with respect to the Sun-Galactic centre line of sight of
∼ 27◦, and whose near side points in the first Galactic quadrant. The bar has
a boxy/peanut/X-shape structure in its outer regions, a characteristic mor-
phology of bulges formed out the natural evolution of disk galaxies as the
consequence of disk dynamical instabilities and vertical buckling of the bar.
The observed split in the RC mean magnitude distribution in the outer regions
is interpreted by the dynamical models as bar growing. In the innermost re-
gion (|l, b| < 2◦), rather than a nuclear bar, there seems to be an axisymmetric
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high stellar density peak, which instead may be responsible for the observed
change in the bar pivot angle. In addition, RC stars trace a thinner and longer
structure with a semimajor axis of ∼ 4.6 kpc, known as the long bar, which
according to the latest study appears to be the natural extension of the bulge
main bar at higher longitude.
The bulge is the most massive stellar component of the galaxy, with a mass
(MB = 2 − 1.8 × 1010M) close to 1/5 of the total stellar mass of the Milky
Way, and about ten times larger than the mass of the halo.
The recent spectroscopic surveys (ARGOS, GIBS, Gaia-ESO) of RC stars, to-
gether with the ongoing that targets K and M giants ( i.e. APOGEE-North)
provided a comprehensive and detailed view of the chemical content of the
stellar population over an area that corresponds to more than 80% of the en-
tire bulge. The emerging picture is that the bulge MDF as traced by the RC
is much more complex that previously thought, and it hosts two populations
with different mean metallicity (i.e. metal-poor and metal-rich), spatial dis-
tribution and kinematics. The metal-poor population as traced by RC, RRLs
and T2C is more spherically concentrated, whereas the RC metal-rich compo-
nent traces the boxy/peanut bar. The observed properties of such metal-poor
population possibly older (i.e. spatial distribution and kinematics) do not nec-
essarily implies the presence of a classical bulge (i.e. a merger-driven structure
dominated by gravitational collapse) embedded in the boxy bulge. Indeed, the
recent N-body simulations model of Debattista et al. (2017) accounts for the
presence of a metal-poor population spherically concentrated, as well as for
other observed trend of densities, kinematics and chemistries, without invoking
the need for a composite bulge scenario (i.e. the coexistence of two structures,
one merger-driven and one boxy shaped formed out of disk and bar evolu-
tion). According to Debattista et al. (2017), the observed properties of the
Milky Way bulge stellar populations are consistent with a bulge formed from
a continuum of disk stellar populations kinematically separated by the bar.
Based on accurate abundances analysis of RC stars, the bulge show α-element
enhancement typical of fast formation process. In particular, a possible inter-
pretation of the observed relative trends of α-elements in the bulge, thin and
thick disk is that the metal-poor bulge population experienced a fast forma-
tion scenario similar to the thick disk, whereas the metal-rich bulge population
underwent a more extended (i.e. longer) star formation, on a timescale similar
to that of the thin disk.
The innermost and still poorly unexplored regions (i.e. |b| . 1◦) will be soon
probed by new IR surveys planned for the near future (i.e. APOGEE-South,
Multi-Object Optical and Near-infrared Spectrograph at VLT – MOONS)
hence allowing us, for the first time, to complete the puzzle with a clear under-
standing of the chemical properties of the bulge as a whole with unprecedented
accuracy.
There is no doubt that the central regions of the Milky Way hosts an old
stellar population. The strongest evidence being the presence of a prominent
population of RRLs and T2C found by OGLE and VVV (De´ka´ny et al., 2013;
Pietrukowicz et al., 2015; Gran et al., 2016, and Bhardwaj et al), which are
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by far the largest photometric campaigns of variable stars. Furthermore, an
old age is also guaranteed by the existence of a bulge GCs system (see e.g.
Valenti et al., 2010; Bica et al., 2016, and reference therein). However, what
still remains to be firmly assessed is the contribution of intermediate-young
(i.e. .5 Gyr) stars to the global bulge stellar population. The AMR proposed
by Bensby et al. (2017) should be either confirm on much statistically robust
sample, or by using a methodology for the reconstruction of the star formation
history more sophisticated than the approaches adopted so far. In particular,
the comparison between observations and simulations should be performed by
using as many as possible features of the CMDs (i.e. Gallart et al., 2005).
In the coming years, the exquisite astrometry provided by the next Gaia
data releases will most probably allow us to further refine the global picture
of the bulge structure. Even though a large fraction of the bulge RC popula-
tion is out of GAIA reach because of the crowding and high extinction, the
information derived from RC stars in the low reddening regions can be used to
obtain a very accurate distances map of the bulge outer regions. This can be
used then as the reference frame upon which, through a differential analysis
with the most obscured regions, we can build the entire bulge distances and
structure maps.
Finally, further efforts should be put to characterize the chemical content of
the RRLs and T2C, which among all tracers are those representing univocally
and purely the oldest stars in the Bulge. Indeed, accurate MDF and elemental
abundances from high- or medium-resolution spectroscopy for these type of
stars are still missing, or largely insufficient. The future LSST project will
provide the position, magnitude and colors for thousands of variable stars,
spanning a variety of ages. The spectroscopic follow up of a sizeable sample of
variables would literately open new frontiers of our knowledge by allowing for
the first time an accurate study of the metallicity trends as a function of the
stellar ages. If such analysis would be extended also outside the bulge regions
we could be in position to understand the interaction among different Galaxy
structures, such for instance a clear view of the transition between disk and
bulge.
4 RR Lyrae variables in the Ultra-Faint satellites of the Milky Way
In the Λ-Cold Dark Matter (Λ-CDM) scenario, large galaxies are the result
of the assembling of smaller fragments, cold-dark matter dominated (e.g. Die-
mand et al., 2007; Lunnan et al., 2012). The baryonic component of these
fragments may eventually collapse, forming small galaxies. This idea is ap-
pealing when applied to the MW, since it echoes the early scenario envisioned
by Searle & Zinn (1978), in which the outer halo of the MW may have formed
by a continuous infall of protogalactic fragments onto the Galaxy, for some
time after that the collapse of its central part was completed. Indeed, first at-
tempts to link the Λ-CDM cosmology with the Galactic environment foresaw
the assembling of the Galactic halo starting from a number of satellites, and
36 Kunder, Valenti, Dall’Ora, Pietrukowicz, Sneden, Bono et al.
producing a number of fragments and streams, which are actually observed
(e.g. McConnachie, 2012; Grillmair & Carlin, 2016). For decades, the sur-
vivors of such a process have been identified with the dwarf spheroidal (dSph)
satellites of the MW, since they are old, metal-poor, gas poor and dark matter-
dominated systems. However, it was soon realized that the observed number of
observed dSph was one or two order of magnitude smaller than that expected
from theory. This mismatch, dubbed the ”missing satellites problem” (Klypin
et al., 1999; Moore et al., 1999), has been for several years a major problem in
the comparison between theory and observations. A second problem, pointed
out in the last few years, is that the circular velocities of the known dSph
are too low, when compared to the expected values from their simulated sub-
structures. In other words, the predicted densities of the massive subhaloes are
too high, to host any of the bright dSphs. This mismatch, called the ”too big
to fail problem” (Boylan-Kolchin et al., 2012), has heavy implications, since it
means either: i) massive dark subhaloes exist as predicted, but they host faint
(L < 105L) satellites; ii) massive dark subhaloes does not exist as predicted,
for instance they may be less concentrated than predicted.
As a matter of fact, in the last ten years a considerable number of new
and faint MW satellites has been discovered (e.g. Belokurov et al., 2007; Mc-
Connachie, 2012), most of them on the basis of the SDSS data and, more re-
cently, thanks to the ongoing large surveys conducted with OMEGACAM@VST,
DECAM@CTIO and Pan-STARRS (e.g. Koposov et al., 2015; Laevens et al.,
2015). These systems, called the ultra-faint dwarfs (UFDs), have integrated
luminosities similar or even lower than those of the Galactic globular clusters,
and are apparently dark matter dominated(see McConnachie, 2012).
The large number of systems currently available (dSphs + UFDs), allowed
to trace a statistically significant analysis of their spatial distribution, leading
to the discovery that they actually populate a relatively thin ring, perpen-
dicular to the MW plane, and possibly rotationally supported (Pawlowski &
Kroupa, 2013). Moreover, several of the recently discovered candidate MW
satellites also seem to be clustered around the Magellanic Clouds, hinting
that they may have fallen in as a group (e.g. Sales et al., 2015), in line with
the theoretical predictions (Wetzel et al., 2016). Similar aligned structures,
showing a kinematic coherence, have been discovered around the Andromeda
galaxy (Ibata et al., 2013) and, outside the Local Group, around NGC 5557
(Duc et al., 2014). Similar structures, but without a clear kinematic coherence,
have been reported in the literature around NGC 1097, NGC 4216, NGC 4631
(Pawlowski & Kroupa , 2014, , and references therein), and possibly around
the M81 and Cen A groups (Mu¨lleret al., 2016; Mu¨ller et al., 2018). The MW
structure, dubbed the Vast POlar Structure (VPOS), opens a wide scenario
of cosmological problems, since at the present time it is not clear if it is made
of primordial (dark matter-dominated) systems, or tidal (dark matter-free)
galaxies.
Interestingly, when the halo Galactic globular clusters are grouped in young
halo (YH) and old halo (OH) on the basis of the variation of their HB mor-
phology at constant [Fe/H], which is a rough approximation of the cluster age,
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they show up also a division by kinematics and spatial distribution (e.g. Zinn,
1993; Mackey & Gilmore, 2004; Lee et al., 2007). In particular, YH clusters
span a wide range in ages (∼ 5 Gyr Dotter et al., 2011) and are characterized
by a hotter kinematics than the OH clusters. These occurrences suggest that
YH clusters may be debris from accretion events. Finally, the discovery that
YH clusters are part of the VPOS (Pawlowski & Kroupa, 2013; Zinn et al.,
2014), strengthens the debris hypothesis. Moreover, it also suggests that a
fraction of the accreted halo may have been originated in a number of mod-
erately massive satellites that formed GCs, similar to Sagittarius, Fornax, or
even the Magellanic Clouds (but see Fiorentino et al., 2016, for new insights
on the contribution of Fornax-like systems).
4.0.1 The role of the RR Lyrae stars
A fraction of the problem can be settled by carefully comparing the photomet-
ric and spectroscopic properties of the stellar populations of the halo of the
MW and of its companions. Moreover, since their pulsational properties such
as periods and amplitudes are a function of their structural and evolutive pa-
rameters, a detailed comparison of the pulsational properties of the RR Lyrae
stars can add valuable information.
In particular, the ensemble pulsational properties of the RR Lyrae stars can
give important hints. Indeed, it is well known that cluster and field Galactic
RR Lyrae stars are affected by the so-called Oosterhoff (Oo) dichotomy, where
in the Oo I group the fundamental mode variables show mean periods of
< Pab >∼ 0.55 days, while in the OO II group they have < Pab >∼ 0.65
days. In fact, the bright MW companions have < Pab >∼ 0.6 days and are
generally classified as Oo-intermediate, which is difficult to reconcile with the
dichotomy of the Galactic halo. On the other side, the RRLs hosted in the
UFDs suggest an Oo II classification (Dall’Ora et al., 2012), consistent with an
older population of the Galactic halo, possibly produced by an early dissipative
collapse or merging (e.g. Miceli et al., 2008).
4.0.2 The ultra-faint dwarfs
UFD galaxies are, at first glance, the low brightness tail of the dSph. From this
point of view, there is no structural difference between the ”classical” dSphs
and the low luminosity UFDs. However, a careful comparison of the central
surface brightness as a function of the total luminosity, shows a ”knee” around
MV ≈ −8 mag (see McConnachie, 2012, Figure 7). The galaxies brighter than
MV ≈ −8 mag follow a linear trend, with the brightest galaxies having a higher
central brightness, while galaxies weaker than this limit follow a horizontal
distribution, with a constant central brightness no matter what is the total
luminosity. In this work, we will therefore consider UFDs all the galaxies that
follow such a horizontal distribution.
Stated in a different way, UFDs are characterized by low luminosities and
projected densities. This means that it is difficult to recognize them as stellar
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f3.eps
Fig. 15 Observed number of RRL stars as a function of the absolute magnitude. Overplot-
ted are three specific frequencies (see text for details). The brightest galaxies have lower
specific frequencies, possibly for incompletness. UFDs are characterized by specific frequen-
cies of in the range 20-100. Figure by Baker & Willman (2015), here reproduced by kind
permission.
overdensities in the field, and the problem becomes even more severe when
one wants to detect their possible tidal tails. For these reasons, RRLs become
a powerful tool to study the stellar populations of the UFDs and their spatial
extent. Indeed, as suggested by Baker & Willman (2015), RRLs could be
the only method to unveil very faint satellites, with MV < 3.5, especially at
low Galactic latitudes when both extinction and field contamination can be
important. All the UFDs searched for variability so far show at least one RRL.
This is not surprising, since they are composed by (at least) old, metal-poor
stellar populations, which are known to produce RRLs. The small statistics
must not be misleading, since if one normalizes the observed number of RRLs
by the integrated luminosity (i.e. a proxy of the baryonic mass), the fraction of
RRLs is even higher than that observed in the bright dSphs. Indeed, adopting
the specific frequency as parametrized by Mackey & Gilmore (2003)
SRR = NRR × 100.4(7.5+MV ) (1)
one finds that UFDs tend to have higher specific frequencies than dSphs,
as shown in figure 3 of Baker & Willman (2015), here reproduced by kind
permission. However, as suggested in Baker & Willman (2015), this could be
due to incompleteness effects, being the census of the RRLs in the bright dSphs
still not complete.
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4.1 Our RRL sample
Table 1 collects all the positional and pulsational parameters of the RRLs
discovered in the UFDs so far. For each variable, we list the position, the pe-
riod, the mean magnitudes and the luminosity amplitude in the BV I bands
(when available). In some cases, we merged the information on the same vari-
able coming from different studies. We discuss these cases in the individual
notes. Here, we point out that B-band photometry for the RRLs in Bootes I
comes from Siegel (2006), and the V I-bands from Dall’Ora et al. (2006). We
also explicitly note that, when a star was listed in both studies, we adopt the
coordinates listed in Dall’Ora et al. (2006). This table does not include the
RRLs hosted in CVn I, whose structural properties suggest a classification as a
“classical” dSph instead as a UFD, and those hosted in Leo T, since it contains
gas and a young stellar population, and in this sense is not a typical old, gas
poor UFD. For these two galaxies, we refer the reader to the specific papers
– CVn I, Kuehn et al. (2008); Leo T, Clementini et al. (2012). The galaxies
are ordered by RA, and the sources of the data are: Segue II (Boettcher et al.,
2013); UMa II (Dall’Ora et al., 2012; Vivas et al., 2016); UMa I (Garofalo et
al., 2013); Leo IV (Moretti et al., 2009); Hyd II (Vivas et al., 2016); Coma
(Musella et al., 2009); CVn II (Greco et al., 2008); Boo II (Sesar et al., 2014;
Vivas et al., 2016); Boo III (Sesar et al., 2014; Vivas et al., 2016); Boo I (Siegel,
2006; Dall’Ora et al., 2006); Hercules (Musella et al., 2012).
4.1.1 Notes on individual variables
V1 UMa II: this RRL was discovered by Dall’Ora et al. (2012), where they
proposed a period of P = 0.6593 days. Subsequently, on the basis of a more
densely sampled light curve, Vivas et al. (2016) computed a new period of
P = 0.56512 days. This period appears to be compatible with the photome-
try of this variable, available in our database. Therefore, we adopt the period
proposed by Vivas et al. (2016).
V1 Boo II: Sesar et al. (2014) proposed a period of P = 0.63328 days, while
Vivas et al. (2016) computed a slightly different period of P = 0.66349 days.
We keep the Vivas et al. (2016) estimate, together with their mean magnitude
and amplitude.
V1 Boo III: Sesar et al. (2014) and Vivas et al. (2016) give practically the
same period. However, here we present the mean magnitude and pulsational
amplitude proposed by Vivas et al. (2016).
V5 Boo I: this star was classified as a RRc type star by Siegel (2006), with
a period of P = 0.3863158 days, and as a RRab star by Dall’Ora et al. (2006),
with P = 0.6506 days. We used the Siegel (2006) period estimate to phase
the data of this variable available in our database, but unfortunately we were
not able to achieve a satisfactorily phased light curve. Therefore, we keep the
Dall’Ora et al. (2006) estimate. It is worth noting that this variable is quite
peculiar, since in the Dall’Ora et al. (2006) photometry it appears redder and
brighter than the HB, and it could be blended with a companion.
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ID RA Dec Period < B > AB < V > AV < I > AI Type
(J2000.0) (J2000.0) (days) (mag) (mag) (mag) (mag) (mag) (mag)
V1 SegueII 02:19:00.06 +20:06:35.2 0.748 18.62 0.62 18.25 0.51 RRab
V1 UMaII 08:50:37.43 +63:10:10.0 0.56512 18.61 1.27 18.24 1.01 RRab
V1 UMaI 10:34:59.2 +51:57:07.3 0.56924 20.72 1.29 20.47 1.07 RRab
V2 UMaI 10:35:05.5 +51:55:39.8 0.584 20.85 1.09 20.37 0.78 RRab
V3 UMaI 10:34:30.8 +51:56:28.9 0.64315 20.73 0.99 20.40 0.75 RRab
V4 UMaI 10:34:18.7 +51:58:29.2 0.74516 20.62 1.15 20.24 0.90 RRab
V5 UMaI 10:35:37.5 +52:02:35.6 0.59967 20.87 1.38 20.49 0.96 RRab
V6 UMaI 10:33:07.1 +51:50:05.1 0.39673 20.73 0.72 20.42 0.63 RRc
V7 UMaI 10:32:37.5 +51:49:55.7 0.40749 20.54 0.37 20.44 0.38 RRc
V1 LeoIV 11:32:59.2 -00:34:03.6 0.61895 21.82 0.99 21.47 0.73 RRab
V2 LeoIV 11:32:55.8 -00:33:29.4 0.7096 21.86 0.76 21.46 0.64 RRab
V3 LeoIV 11:33:36.6 -00:38:43.3 0.635 21.81 0.82 21.52 0.65 RRab
V1 HydII 12:21:43.51 -31:59:42.8 0.645 22.00 0.77 21.56 0.62 21.30 0.38 RRab
V1 Coma 12:27:33.50 +23:54:55.7 0.66971 18.44 0.78 17.74 0.53 RRab
V2 Coma 12:26:50.89 +23:56:00.6 0.31964 18.69 0.37 18.20 0.24 RRc
V1 CVnII 12:57:01.6 +34:19:33.4 0.358 21.74 0.83 21.49 0.68 RRc
V2 CVnII 12:57:11.8 +34:16:52.9 0.743 21.77 0.95 21.46 0.71 RRab
V1 BooII 13:58:07.04 +12:51:22.8 0.66349 18.23 0.71 RRab
V1 BooIII 14:00:34.52 +25:55:52.7 0.63328 18.56 1.07 RRab
V1 BooI 13:59:29.36 +14:10:43.6 0.303771 19.78 0.628 RRab
V2 BooI 13:59:51.34 +14:39:06.0 0.3119 19.73 0.67 19.63 0.34 19.32 >0.13 RRc
V3 BooI 14:00:26.86 +14:35:33.1 0.3232 19.79 0.64 19.58 0.57 19.25 >0.15 RRc
V4 BooI 14:00:08.90 +14:34:24.1 0.3860 19.82 0.58 19.57 0.59 19.19 0.2 RRc
V5 BooI 14:00:21.56 +14:37:28.8 0.6506 19.75 0.57 19.38 0.33 18.93 RRab
V6 BooI 13:59:45.95 +14:31:40.7 0.3919 19.86 0.61 19.58 0.53 19.13 0.22 RRc
V7 BooI 13:59:49.37 +14:10:05.6 0.4011623 19.76 0.74 RRc
V8 BooI 13:59:59.69 +14:27:34.0 0.4179 19.79 0.74 19.54 0.40 19.10 0.26 RRc
V9 BooI 13:59:47.28 +14:27:56.3 0.5755 19.84 1.28 19.55 1.00 19.07 >0.41 RRab
V10 BooI 14:00:25.75 +14:33:08.4 0.628 19.78 1.32 19.47 1.09 18.98 >0.24 RRab
V11 BooI 13:58:04.38 +14:13:19.3 0.6617310 19.82 1.20 RRab
V12 BooI 13:59:56.00 +14:34:55.0 0.3948 19.90 0.54 19.59 0.53 19.13 >0.20 RRd
V13 BooI 13:59:06.36 +14:19:00.1 0.7061108 19.77 0.82 RRab
V14 BooI 13:59:25.75 +14:23:45.3 0.7186 19.89 0.86 19.50 0.44 19.03 RRab
V15 BooI 14:00:11.09 +14:24:19.7 0.8456 19.83 0.48 19.45 0.48 18.91 0.28 RRab
V1 Her 16:31:02.17 +12:47:33.7 0.639206 21.68 1.16 21.27 1.06 RRab
V3 Her 16:30:54.93 +12:47:04.2 0.39997 21.72 0.61 21.32 0.48 RRc
V4 Her 16:30:56.14 +12:48:29.2 0.39576 21.59 0.69 21.23 0.58 RRc
V5 Her 16:30:52.28 +12:49:12.0 0.40183 21.64 0.61 21.30 0.47 RRc
V6 Her 16:30:52.41 +12:49:60.0 0.69981 21.76 1.19 21.35 0.90 RRab
V7 Her 16:31:29.48 +12:47:34.9 0.67799 21.65 1.03 21.22 0.81 RRab
V8 Her 16:31:27.20 +12:44:16.7 0.66234 21.69 1.09 21.25 0.90 RRab
V9 Her 16:31:29.50 +12:40:03.1 0.72939 21.60 1.00 21.18 0.80 RRab
V10 Her 16:30:03.96 +12:52:06.3 0.6616 21.69 1.32 21.28 1.17 RRab
Table 5 Positional and pulsational parameters of the RRLs in the UFD studied so far. See
text for details.
V12 Boo I: this RRL was classified as RRab by Siegel (2006), with a period of
P = 0.6797488 days, and by a double-pulsator RRd by Dall’Ora et al. (2006),
with periods of P1 = 0.3948 days and P0 = 0.5296 days. since the light curve
shown by Dall’Ora et al. (2006) convincingly shows a typical double-mode be-
havior (see their Fig. 2), here we will keep their classification.
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V1 Hyd II: the photometry of this variable was presented by Vivas et al.
(2016) in the gri system. Here, for consistency we present its pulsational
properties in the BV i bands, where gr magnitudes were transformed in B,
V magnitudes following Jester et al. (2005).
4.2 Discussion
A glance at the data listed in Table 5 shows that, except for a few number
of galaxies (namely UMa I, Boo I, Her), UFDs host a very small number
of RRLs. Of course, with such small statistics, if a distance estimate can be
reliable (especially in presence of a color-magnitude diagram, to check the
robustness of the measured mean magnitudes and colors), some caveats must
be recognized when using RRLs as population tracers. Indeed, since the Oo
type is an ensemble feature, this should be declared only when a substantial
number of fundamental mode RRL is available, in order to properly put them
on an amplitude-period diagram (known as Bailey’s diagram). Nevertheless, a
comparison with the classic Oo I and Oo II lines in the Bailey’s diagram can
give interesting insights.
4.2.1 The Oosterhoff classification and the Galactic halo
In Figure 16, we show the positions on the Bailey’s diagram of the listed
RRLs. For reference, we plot the loci of the Oo I and Oo II clusters, according
to Zorotovic et al. (2010). At first glance, the positions of almost all the RRLs
of the UFDs are compatible with a Oo II classification. The only apparent
exception is UMa I, which was classified as Oo intermediate in Garofalo et al.
(2013). However, when we compare the positions of its variables with those
of the Galactic globular clusters M3 (left panel) and M15 (right panel, data
made available by Clement et al., 2001), we favor a Oo II classification also for
this system. Indeed, from the left panel it appears that the distribution of the
UMa I RRc variables is in good agreement with those of the other UFDs and
with those of the Oo II cluster M15. Also, the mean period of the fundamental
pulsators of UMa I is < Pab >= 0.628 ± 0.063 days, which is in agreement
with the values of other Oo II systems, such as M15 (< Pab >= 0.643± 0.063
days), M92 (< Pab >= 0.631± 0.048 days) and M68 (< Pab >= 0.627± 0.062
days), where the listed values are computed on the basis of the compilation
published by Clement et al. (2001). However, it should also be noted that,
when discarding the variable V4, significantly brighter than the others, the
mean period of the fundamental pulsators lowers to < Pab >= 0.599 ± 0.032
days, as discussed in Garofalo et al. (2013). This suggest that, in general, when
dealing with systems with a small number of RRLs, a correct Oo classification
is a risky business, and we may consider not only to compare the positions of
the RRab stars with respect to the mean Oo I and Oo II loci, but to consider
the whole plane instead, with the actual distributions of the RRLs belonging
to some reference Oo I and Oo II clusters.
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Fig. 16 Bailey’s diagram of the RRL (black symbols of the UFD satellites of the Milky
Way. Left panel shows the comparison with the Oo I Galactic Globular cluster M3 (red
filled circles) and with the Oo I and Oo II loci (dashed lines), according to Zorotovic et al.
(2010). Right panel shows the sample comparison, but with the Oo II Galactic Globular
cluster M15.
Taken at face value, the Oo II classification could suggest a major contribu-
tion of UFD-like objects in assembling the Galactic halo. However, as pointed
out in Fiorentino et al. (2015), a detailed comparison of the pulsational prop-
erties of the RRLs of the Galactic halo and of the set dSphs + UFDs, shows
that the latter lack the so-called high-amplitude, short-period (HASP) vari-
ables. Fiorentino et al. (2015) argue that the HASP region is filled only when
RRLs are more metal-rich than [Fe/H] = −1.5 dex. Thus, present-day dSph-
and UFD-like objects seem to have played a minor role, if any, in assembling
the Galactic halo.
4.2.2 A homogeneous distance scale
In Table 6, we propose a homogeneous distance scale for the MW UFDs, by
using the same MV − [Fe/H] relation and the same reddening calibration
from Schlafly & Finkbeiner (2011). In particular, for the RRLs luminosity we
adopt the absolute magnitude of MV = 0.54 ± 0.03 mag at [Fe/H] = −1.5
dex (based on a LMC distance of 18.52 ± 0.09 mag from Clementini et al.,
2003), with a slope of ∆MV [Fe/H] = 0.214 ± 0.047 mag dex−1 (Clementini
et al., 2003). We do not make any attempt to homogenize the metallicity scale,
where all the values have been taken from the collection listed in McConnachie
(2012), except of Boo III (Carlin et al., 2009), and Hyd II (Kirby et al., 2015).
The uncertainties of the distance are split in intrinsic error (the standard
deviation of the mean, when at least two RRLs are available, or the typical
photometric error when only one variable is present), plus a contribution due
to the uncertainty in the MV−[Fe/H] relation. As a matter of fact, there is also
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Name [Fe/H] AV (m−M)0
(dex) (mag) (mag)
SegueII −2.00± 0.25 0.507 17.31± 0.03± 0.06
UMaII −2.47± 0.06 0.257 17.65± 0.04± 0.03
UMaI −2.18± 0.04 0.054 19.98± 0.04± 0.03
LeoIV −2.54± 0.07 0.069 21.10± 0.03± 0.04
HydII −2.02± 0.08 0.167 20.96± 0.04± 0.03
Coma −2.60± 0.05 0.046 18.09± 0.03± 0.03
CVnII −2.21± 0.05 0.027 21.06± 0.02± 0.03
BooII −1.79± 0.05 0.084 17.67± 0.04± 0.03
BooIII −2.1 ± 0.2 0.058 18.09± 0.04± 0.05
BooI −2.55± 0.11 0.047 19.18± 0.06± 0.04
Her −2.41± 0.04 0.171 20.75± 0.05± 0.03
Table 6 RR Lyrae-based distances to the UFD satellites of the Milky Way. Distances have
been estimated according to the MV −[Fe/H] relation provided by Clementini et al. (2003).
AV absorptions are based on the calibration by Schlafly & Finkbeiner (2011).
another source of uncertainty, that is the internal metallicity spread observed
in several UFDs, but it is difficult to manage. The spread can be of the order of
∼ 0.6 dex (UMa II, Kirby et al., 2008), which means an additional uncertainty
up to ∼ 0.15 mag. In computing the distances of the individual galaxies, we
dropped the variables V1 in Coma, V4 in UMa I e V5 in Boo I, since they are
significantly brighter (∼ 0.2 mag) than the others and/or of the HB, and may
be evolved variables not representative of the zero-age HB level.
The current radial distribution of both UFD and classical dwarf spheroidals
(see Monelli contribution this book) seems to be quite similar. However, the
uncertainties affecting the individual distances of UFDs are still too large.
Individual distances based on the use of optical and/or near Infrared PL rela-
tions will be crucial to further constrain the similarities in radial distribution
of gas poor stellar systems.
5 On the absolute and relative ages of globular clusters
The early estimates of the ages of globular clusters date back to more than half
a century ago thanks to the pioneering papers from Alan Sandage (Sandage,
1958) and Halton Arp (Arp, 1962) for the observational aspects and from
Fred Hoyle (Hoyle, 1959) and Martin Schwarzschild (Schwarzschild, 1970) for
theoretical analyses. The reader interested in a more detailed discussion con-
cerning the dawn of cluster age determination is referred to the seminal pre-
sentations and discussions of the 1957 Vatican Conference (O’Connell, 1958).
Particularly enlightening was the empirical evidence brought forward by Wal-
ter Baade (Baade, 1958) concerning the age difference among the different
stellar populations belonging to the Galactic components (Halo, Disk, Bulge).
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5.1 Absolute cluster age estimates
In the following we will focus on the most reliable classical methods used to es-
timate absolute ages of Galactic Globular Clusters (GGCs). The first two rely
on deep photometry of individual stars of a GGC down to the Main Sequence
Turn Off (MSTO) and the white dwarf cooling sequence features, respectively.
The second is observationally based on the detection of radioactive heavy el-
ements in individual stellar spectra in order to use direct cosmochronometry.
We will highlight strengths and weaknesses of their application.
5.1.1 The Main Sequence Turn Off
The MSTO of a cluster is identified as the bluest point along its Main Sequence.
This is the most important clock to date for both open and globular stellar
systems. The key advantages of this diagnostic are the following:
i) The anti-correlation between cluster age and brightness of MSTO stars
is linear over a broad range of stellar ages (see e.g., Di Cecco et al., 2015; Valle
et al., 2013).
ii) Stars in this evolutionary phase are burning hydrogen in the core. This
means that they evolve on a long nuclear time scale, and therefore, the num-
ber of stars per unit magnitude tracing this evolutionary phase is quite large
compared with evolved phases.
iii) Accurate apparent optical magnitudes of MSTO stars in GGCs are
within the capability of 2-4 m class telescopes equipped with CCD detectors
and can be easily measured.
The main cons of the MSTO are the following:
i) The MSTO is prone to uncertainties on cluster distance and on cluster
reddening. An uncertainty of 10% in the error budget (reddening plus true
distance modulus) of the MSTO, implies an uncertainty of about 1 Gyr in
cluster age. The problem becomes even more severe if we are dealing with
stellar systems either affected by large or by differential reddening.
ii) The identification of the MSTO is not always trivial. In a broad range
of stellar ages and chemical compositions, stars across the MSTO attain in
optical bands similar colors and magnitudes. In some traditional broad-band
color-magnitude systems there is nearly a vertical distribution of MSTO stars
(e.g., Salaris & Cassisi, 2005). Fig. 17 shows the optical (UBVRI) CMDs of
the Galactic globular M4 (Stetson et al., 2014; Braga et al., 2015). The shape
of the MSTO changes from “cuspy” in the U-I,U CMD (top left panel) to
“almost vertical” in the V-I,I CMD (bottom right panel).
Fortunately the variation in the color gradient of the region across the
MSTO becomes more evident in the NIR and in the MIR regime. Data plotted
in the top panel of Fig. 18 show that cluster stars display not only a well defined
bending in the region across the MSTO, but also a sharp change in the slope of
the lower main sequence across the Main Sequence Knee (MSK, see § 5.4). A
glance at the data plotted in the bottom panels shows that the bending across
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Fig. 17 Optical Color-Magnitudes Diagrams (CMDs) based on UBVRI bands of the Galac-
tic star cluster M4. Stars plotted in the CMDs were selected according to the position. Blue
and red triangles mark the position of first overtone (RRc) and fundamental (RRab) cluster
RR Lyrae. Note the change in the slope of the Horizontal Branch (HB) when moving from
the top left panel (U-I,U) to the bottom right panel (V-I,I). Bright red giant stars located
across the tip of the red giant branch are missing due to saturation problems. The vertical
plume of stars located at B-I∼2.0-2.5, B-R∼1.8-2.0 and V-I∼1.2-2.5 mag is caused by field
star contamination.
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Fig. 18 Same as Fig. 17, but for NIR (JHK) and MIR ([3.6],[4.5]) bands.
the MSTO is also in NIR/MIR CMDs. However, the photometric accuracy of
the MIR bands do not allow us to clearly identify the MSK.
The empirical scenario concerning the shape of both the MSTO and the
MSK becomes even more interesting in dealing with optical/NIR/MIR CMDs,
since they bring forward several advantages: a) They display a well defined
bending across the MSTO and a sharp change in the MS slope across the MSK;
b) The broad range in central wavelengths among optical and NIR/MIR bands
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means also a strong sensitivity to the effective temperature. The consequence
is that optical/NIR/MIR CMDs display tight stellar sequences not only along
the MS, but also in advanced evolutionary phases (RGB, HB, AGB).
iii) Optical CMDs are affected in the region across the MSTO by field
star contamination. This problem is less severe in optical/NIR CMDs, since
the MSTO stars attain colors that are systematically bluer than typical field
stars. The bottom left panel of Fig. 19 shows that field stars are typically
redder (V − K = 2.8 − 3.5) than MSTO stars (V − K '2.6). However, field
star contamination severely affects age and structural parameters of nearby
stellar systems. Accurate and deep optical CMDs based on images collected
with ACS on board of HST are less affected by the contamination of field stars.
The pointing is typically located across the center of the cluster and in these
regions cluster stars outnumber field stars. This rule of thumb does not apply
to clusters either located or projected onto crowded Galactic regions such as
the Bulge and Galactic thin disk (Zoccali et al., 2001a; Ferraro et al., 2009;
Lagioia et al., 2014) or nearby dwarf galaxies (Kalirai et al., 2012). A significant
step forward in dealing with this problem was provided by HST photometry.
The superb image quality of HST optical images provided the opportunity to
measure the proper motion using images collected on a time interval of the
order of ten years. This approach provided the opportunity to split not only
field and cluster stars, but also to clearly identify stellar populations belonging
to Sagittarius (Anderson, 2002; King et al., 2005; Massari et al., 2013; Milone
et al., 2014). The great news in this context is that similar results can also
be obtained using NIR images as a second epoch collected with AO systems
available at 8-10 m class telescopes (e.g., NGC 6681, Massari et al., 2016b).
The results mentioned above are based on images that only cover a few
arcminutes around the center of each cluster. The separation between cluster
and field stars is much more challenging away from cluster centers, since field
stars outnumber cluster stars in these regions. The reason why we are inter-
ested in tracing cluster stars in external cluster regions is twofold: a) There is
mounting empirical evidence that stellar populations change (chemical compo-
sition, age) as a function of radial distance – e.g., 47 Tuc, (Kalirai et al., 2012);
Omega Cen, (Calamida et al., 2017); b) The estimate of structural parameters
depends on the star counts in the outskirts of the clusters.
These are the reasons why new photometric approaches for the separation
between field and cluster stars are required. This approach does require pho-
tometric catalogs based on at least three photometric bands. To accomplish
the goal we have used either multi-dimensional ridge lines as in dealing with
griz SDSS photometry of the metal-rich globular M71 (Di Cecco et al., 2015)
or the difference in the spectral energy distribution in dealing with the ugri
photometry of the complex globular ω Cen (Calamida et al., 2017). The latter
approach was developed to deal with stellar systems characterized by multiple
stellar populations (see e.g., Mart´ınez-Va´zquez et al., 2016a,b).
Initially, the ridge lines of the different sub-populations in ω Cen along
the cluster evolutionary sequences (MS, SGB, RGB) were estimated. They
are based on a 3D CMD (magnitude, color index, star counts) and the ridge
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Fig. 19 Same as Fig. 17, but for optical and NIR/MIR bands.
lines trace the peaks of the stellar distribution. The horizontal branch (HB)
stars are typically neglected, since they are either bluer (hot and extreme HB)
or they can be easily distinguished (RR Lyrae stars, red HB) from the field
stars. These ridge lines were estimated in an annulus neglecting stars located
in the innermost and in the outermost cluster regions and using several cuts
in radial distance and in photometric accuracy. Once the ridge lines were
estimated we performed a linear interpolation among them and generated a
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Fig. 20 Left – Optical CMD in B-R,R for stars covering a sky area of 35×35 arcmin
squared around M4. Middle – Same as the left panel, but for candidate cluster stars. Right
– Same as the left panel, but for candidate field stars.
continuous multi-dimensional surface. Subsequently, the separation between
field and cluster stars was performed in two steps: a) We estimated the total
standard deviation among the position of individual stars and the reference
surface; b) We estimated the distance in magnitude and in color among the
individual stars and the reference surface.
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The approach discussed above relies on a conservative assumption, i.e.
we do prefer to possibly lose some of the candidate cluster stars instead of
including possible candidate field stars. Note that this assumption is fully
supported by the fact that the age diagnostics we use for estimating cluster
ages depend on the shape of MSTO and/or of the MSK. Stellar completeness
mainly affects cluster ages based on cluster luminosity functions (Zoccali et al.,
1998).
Fig. 20 shows the separation between field and cluster stars for the Galactic
globular M4. This cluster is an acid test for the selection criteria based on
photometry, since it is projected onto the Galactic Bulge and it is also affected
by differential reddening. To overcome some of these problems we decided to
follow the same approach we adopted for ω Cen, but the initial ridge lines were
derived candidate field stars located outside the tidal radius of the cluster
(Ferraro et al. 2018, in preparation). Data plotted in the left panel display
stars located across the sky region covered by M4 in the B-R,R CMD. Field
stars can be easily identified both along the MS and the RGB. The middle
panel of the same figure shows the CMD, but for candidate cluster stars. The
“cleaning” appears quite good across the cluster sequences. Note that the
sequence running parallel to the cluster MS is due either to binaries or to
photometric blends. The plausibility of the criteria adopted to separate field
and cluster stars are further supported by the CMD of candidate field stars
plotted in the right panel. Once again there is evidence that a minor fraction
of candidate field stars were misidentified, but the main peak of field stars
even across the MSTO was properly identified.
To further support the photometric criteria adopted to separate field and
cluster stars, Fig. 21 shows a color-color-magnitude diagram of the selected
candidate cluster stars. It is worth mentioning the smoothness of the cluster
sequences when moving from the RGB to the MSTO and to the MSK.
5.1.2 The error budget
The global error budget of absolute ages of globular clusters based on the
MSTO includes theoretical, empirical and intrinsic uncertainties.
Theoretical uncertainties – The precision of the clock adopted to date stel-
lar systems depends on the precision of the input physics adopted to con-
struct evolutionary models and, in turn, cluster isochrones. The main sources
of uncertainties can be split into micro-physics (nuclear reactions, opacity,
equation of state, astrophysical screening factors) and macro-physics (mixing
length, mass loss, atomic diffusion, rotation, radiative levitation). The uncer-
tainties affecting the nuclear reactions, such as the pp and the CNO cycle,
have already been discussed by degl’Innocenti et al. (2004) and Valle et al.
(2013). They suggest that the uncertainties on age range from 3% for the
1H(p, νe, e
+)2H nuclear reaction to roughly 10% for the 14N(p, γ)15O reac-
tion. The same authors also suggest an uncertainty of the order of 5% for
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Fig. 21 Optical V, B-R, V-I color-color-magnitude diagram of candidate cluster stars for
the globular M4 (see text for more details.
the radiative opacities adopted for constructing MS and HB models. More-
over, they also suggest a similar uncertainty (5%) for the conductive opacities
affecting the energy transport in electron degenerate isothermal helium cores
typical of RGB structures and, in turn, on the HB luminosity level (e.g., Marta
et al., 2008; Chaboyer et al., 2017).
The impact of macro-physics, and in particular the treatment of the mix-
ing in convective regions has been addressed comprehensively in the literature
(e.g., Chiosi & Maeder, 1986; Castellani et al., 1999; Maeder & Meynet, 2000;
Salaris & Cassisi, 2008; Bertelli et al., 2009; Rosenfield et al., 2017)). The treat-
ment of atomic diffusion and radiative levitation has also been investigated in
many studies (Proffitt & Vandenberg, 1991; Ciacio et al, 1997; Michaud et al.,
2004; VandenBerg et al., 2013).
Finally, to transform theory into the observational plane, we also need pre-
dictions based on stellar atmosphere models (Gustafsson et al., 2008). We have
to take account of uncertainties affecting bolometric corrections and color–
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temperature transformations. The impact that the quoted ingredients have on
cluster isochrones has been discussed in detail in the literature (e.g., Pietrin-
ferni et al., 2004; Cassisi et al., 2008; Pietrinferni et al., 2009; Sbordone et al.,
2011; VandenBerg et al., 2013; Salaris, 2016).
As a whole, the typical theoretical uncertainty in the adopted MSTO is of
the order of 10%. In this context it is worth stressing that theoretical uncer-
tainties mainly affect the zero point of the absolute age determinations. The
relative age determinations are minimally affected by these uncertainties (see
e.g., Dotter et al., 2011; VandenBerg et al., 2013; Chaboyer et al., 2017).
In this context, it is also worth mentioning that the helium to metal en-
richment ratio (∆Y/∆Z), a fundamental ingredient in evolutionary prescrip-
tions, is poorly known. This is used to derive the current stellar helium content
through the following relation: Y = YP +∆Y/∆Z×Z, where YP is the primor-
dial helium content. However, empirical estimates range from ∆Y/∆Z=3±2
Pagel & Portinari (1998) to ∆Y/∆Z=5.3±1.4 Gennaro et al. (2010). More-
over and even more importantly, there are no solid reasons why this relation
should be linear over the entire metallicity range and that the current local
estimate is universal (Peimbert et al., 2010).
Empirical errors – The main uncertainties in the absolute age estimate of
globulars are the cluster distances. Indeed an error of 10% in true distance
modulus (∆µ0 ∼0.1 mag) implies an uncertainty of ∼1 Gyr in the absolute
age. The error budget becomes even more severe once we also account for
uncertainties in reddening corrections. An uncertainty of 2% in color excess
implies an uncertainty of 6% in visual magnitude. The impact of this limita-
tion becomes even more stringent if the cluster is also affected by differential
reddening. In this context, it is worth mentioning that more metal-rich glob-
ular clusters are mainly distributed across the Galactic Bulge, i.e., a region of
the Galactic spheroid affected by large reddening and by differential reddening
(Stetson et al., 2014).
The ongoing effort in trying to quantify the systematics affecting the mea-
surements of the MSTO of a large fraction of GGCs also faces the problem
of the absolute photometric calibration. In handling this thorny problem, two
independent approaches have provided the opportunity to limit and/or to over-
come the uncertainties associated with the zero-points of different photometric
systems:
i) Cluster photometry collected either with HST/WFPC2 or HST/ACS has
provided the unique opportunity to collect accurate and deep photometry in a
single well-calibrated photometric system for a sizable sample of GGCs (∼60
out of 160, e.g., Zoccali et al., 2001b; Sarajedini et al., 2007; Mar´ın-Franch et
al., 2009; VandenBerg et al., 2013);
ii) The major effort to provide local standard stars in GGCs also has sig-
nificantly improved the accuracy of photometry and saved significant amount
of telescope time (Stetson, 2000).
The age diagnostic adopted to estimate the cluster age also depends on the
iron content. The massive use of multi-object fiber spectrographs paved the
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way for the definition of a firm metallicity scale including a significant fraction
of GGCs (e.g., Carretta et al., 2009). This translates to a systematic decrease
in the uncertainties on the iron and on α-element abundance scale.
Intrinsic uncertainties – Dating back to more than forty years ago, spec-
troscopic investigations brought forward a significant star-to-star variation in
C and in N among cluster stars (e.g., Osborn, 1971). This evidence was com-
plemented by discoveries of variations in Na, Al, and in O (e.g., Cohen , 1978;
Pilachowski et al., 1983; Leep et al., 1986) and by anti-correlations in CN–CH
(e.g., Kraft, 1994) as well as in O–Na and in Mg–Al (e.g., Suntzeff et al., 1991;
Gratton et al., 2012).
The light element abundance variation was further strengthened by the oc-
currence of multiple stellar populations in more massive clusters (Bedin et al.,
2004; Piotto et al., 2005, 2007). However, detailed investigations concerning
the different stellar populations indicate a difference in age that is, in canonical
GGCs (i.e. the most massive globulars are not included), on average shorter
than 1 Gyr (Ventura et al., 2001; Cassisi et al., 2008). The intrinsic uncertainty
does not seem to be the main source in the error budget of GGCs absolute
ages.
5.1.3 The cluster distance scale
Several approaches have been suggested in the literature to overcome some of
the thorny problems affecting the estimate of the absolute age of GGCs. The
time scale within which we can significantly reduce the theoretical uncertain-
ties can be barely predicted. On the other hand, the empirical uncertainties
are strongly correlated with technological developments either in the detectors
or in the observing facilities or in both. The uncertainties affecting individual
cluster distances would significantly benefit by the development of a homoge-
neous cluster distance scale.
Although Galactic globulars are at the cross-road of major theoretical and
empirical efforts, we still lack a distance scale based on the same diagnostic and
on homogeneous measurements. The problem we are facing is mainly caused
by the intrinsic limitations in the diagnostics used to determine the distance.
The difficulties of these methods can be summarized briefly.
i) The tip of the Red Giant Branch (TRGB) can only be applied to two
clusters (ω Cen, 47 Tuc), due to limited stellar (Poisson) statistics when ap-
proaching the tip of the RGB.
ii) Main sequence fitting is hampered by the fact that the number of field
dwarfs with accurate trigonometric parallaxes is small and covers a limited
range in iron abundance (Chaboyer et al., 2017; VandenBerg et al., 2014a).
iii) Another possible approach to constrain cluster distances is to fit the
white dwarf cooling sequence. However, this method can only be applied to
a few clusters (Zoccali et al., 2001b; Richer et al., 2013; Bono et al., 2013)
and we are still facing some discrepancies between the distances based on
this diagnostic and other distance indicators (Bono et al., 2008). Furthermore,
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the number of nearby White Dwarfs (WDs) for which are available accurate
trigonometric parallaxes is limited.
iv) Cluster distances based on the kinematic approach appear also to be
affected by systematics. This diagnostic has the potential to be a powerful
geometrical method, since it is only based on the ratio between the standard
deviation of proper motions and the standard deviation of radial velocities.
There is mounting evidence that the current kinematic distances are slightly
larger than those based on other primary distance indicators (Bono et al.,
2008).
v) During the last few years, accurate distances have been provided for
a few globulars using eclipsing binary stars. This is also a very promising
approach, since it is based on a geometrical method (Thompson et al., 2001).
The main limitation of this distance indicator as well as methods iii) and iv)
is that they are challenging from the observational point of view. This means
that they have only been applied to a very limited number of clusters.
vi) The Horizontal Branch (HB) luminosity level is one of the most popular
distance indicator for GGCs. The typical anchor for the HB luminosity is the
MRRV –metallicity relation at the mean color of the RR Lyrae instability strip.
This color region was selected because it is quite flat in CMDs using the V -
band magnitude. This distance indicator might be affected by two possible
sources of systematic errors:
a) The HB morphology – The metallicity is the most important parameter
affecting HB morphology, indeed the HB is mainly blue in the metal-poor
regime and becomes mainly red in the metal-rich regime. The parameter used
to trace the change in the HB morphology is τHB=(B-R)/(B+V+R), i.e. the
number ratio among stars either bluer (B) or redder (R) than variable (V) RR
Lyrae stars. Globulars approaching the two extrema (±1) typically lack of RR
Lyrae stars. This means that it is quite difficult from an empirical point of
view to anchor the HB luminosity level. The impact of this limitation becomes
even more stringent for globulars more metal-rich than 47 Tuc, since their HBs
typically display a stub of red HB stars. There are two exceptions, NGC 6441
and NGC 6388, that are metal-rich but display a well populated blue and red
HB, plus a good sample of RR Lyrae stars (Pritzl et al., 2003);
b) Predicted HB luminosity level – The current evolutionary prescriptions
concerning the zero age HB (ZAHB) luminosity are typically 0.10–0.15 mag
brighter than the observed ones. New interior conductive opacities (Cassisi
et al., 2007) contribute to alleviate the problem, but the discrepancy is still
present.
vii) Near-infrared and mid-infrared observations of cluster RR Lyrae stars
appear to be very promising for providing a homogeneous cluster distance
scale. The RR Lyrae stars do obey to well defined PL relations in these bands.
These relations are very narrow (e.g., Braga et al., 2015; Marconi et al., 2015;
Neeley et al., 2017) and are not affected by off-ZAHB evolution, thus reducing
the systematics discussed above. NIR photometry has also the advantage of be-
ing less prone to uncertainties introduced by either large and/or by differential
reddening corrections. This is a typical problem among the more metal-rich
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Bulge globulars. Indeed, the uncertainties affecting NIR/MIR bands are on
average one order of magnitude smaller than the optical bands. However, the
number of globulars hosting a sizable sample of RR Lyrae stars is roughly half
of the entire Galactic sample. Finally, we still lack a detailed knowledge on
how the reddening law changes when moving across the Bulge, along the Bar
and into the nuclear Bulge (e.g., Indebetouw et al., 2005; Nishiyama et al.,
2006, 2008, 2009; Nataf et al., 2013; Schultheis et al., 2014).
5.1.4 The white dwarf cooling sequence
The white dwarf cooling sequence depends on different physics than the previously-
discussed methods, and as such should be an excellent diagnostic to constrain
possible systematics in absolute cluster age estimates based on the MSTO
(Hansen et al., 2004; Salaris et al., 2010). This means that deep and accurate
photometry of nearby globulars can provide crucial constraints on the plausi-
bility of the physical assumptions adopted to construct either main sequence
or cooling sequence models. The key advantages in using cluster WD cooling
sequences is that they display a well defined blue turn off (WDBTO) in deep
and accurate I,V-I CMDs. Theory and observations indicate that this change
in the slope of the WD cooling sequence is due to interplay between an opacity
mechanism called Collisional Induced Absorption (CIA) mainly from molecu-
lar hydrogen and/or to the cooling time of more massive WDs (Brocoto et al.,
1999; Hansen, 2004; Richer et al., 2006; Moehler et al., 2008; Salaris et al.,
2010; O’Malley, 2013).
Recently, Bono et al. (2013) performed a detailed theoretical investigation
of cluster WD cooling sequences and found new diagnostics along the WD
cooling sequences and in NIR Luminosity Functions (LFs). The interplay be-
tween CIA and the cooling time of progressively more massive WDs causes
a red turn-off along the WD cooling sequences (WDRTO). This feature is
strongly correlated with the cluster age, and indeed the faint peak in the K-
band increases by 0.2–0.25 mag/Gyr in the range 10–14 Gyr. Moreover, they
also suggested to use the difference in magnitude between the MSTO and the
WDRTO, since this age diagnostic is independent of distance and reddening.
These predictions appear very promising in view of the unprecedented oppor-
tunity offered by JWST in the NIR/MIR regimes. This encouraging prospect
also applies to ground-based extremely large telescopes equipped with state-
of-the-art multi-conjugated adaptive optics systems (Bono et al., 2013).
5.1.5 Thorium Cosmochronometry
Elements beyond the iron-group are overwhelmingly created in neutron-capture
fusion reactions by target heavy-element seed nuclei. Their syntheses mostly
are either slow (β-decay timescales fast compared to neutron-capture timescales;
called the s-process) or rapid (neutron-capture timescales much faster than β-
decay ones; the r-process). Very heavy radioactive elements thorium (Z = 90)
and uranium (Z = 92) can be created only via the r-process. The heaviest
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Fig. 22 Left – Predicted optical (V-I,V) CMD for cluster isochrones at solar chemical
composition and at scaled solar chemical mixture. The bright solid lines show isochrones of
10 (red), 12 (green) and 14 (blue) Gyr (BaSTI data base). The triangles mark the position
of the Main Sequence Turn Off (MSTO). The faint solid lines show WD isochrones of 10
(red), 12 (green) and 14 (blue) Gyr. The WD isochrones account for chemical separation
(Salaris et al., 2010). The diamonds mark the position of the White Dwarf Blue Turn Off
(WDBTO). The vertical and horizontal black dashed lines show the difference in magnitude
and in color between the 12 Gyr MSTO and the WDBTO. Right – Same as the left, but
in the NIR (K,J-K) CMD. The triangles mark the position of the MSTO, the crosses mark
the MS Knee (MSK, Bono et al., 2010), the diamonds mark the WDBTO, while the squares
mark the White Dwarf Red Turn Off (WDRTO).
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Fig. 23 Abundance ratios of elements of interest to cosmochronometry plotted as functions
of the Eu abundance. The large filled circles are from individual high-resolution spectroscopic
studies Westin et al. (2000); Hill et al. (2002); Cowan et al. (2002); Sneden et al. (2003);
Hayek et al. (2009); Siqueira Mello et al. (2013); Mashonkina et al. (2014); Hill et al. (2016),
and the small open circles are from a single survey of many r-process-rich stars Roederer
et al. (2009). Means and standard deviations, computed only for the individual high-res
studies, are written in each panel. Only in panels (a) and (b) are dotted lines drawn to
indicate the σ widths around the means; the scatters in panels (c) and (d) are too large to
be useful for cosmochronometry.
stable element is bismuth (Z = 83, with its sole natural isotope 209Bi). All
isotopes of elements with Z = 83−89 have very short half-lives, and there-
fore cannot be created in the s-process. Th and U decay on astrophysically
interesting timescales: half-lives are 1.4×1010 yr for 232Th (its only naturally-
occurring isotope), 7.0× 108 yr for 235U, and 4.5× 109 yr for 238U. Therefore,
derived abundances of Th and U with respect to stable r-process-dominated
neutron-capture elements in low-metallicity halo stars have the potential to
be translated into Galactic age estimates.
Attempts to use stellar Th abundances as chronometers began with Butcher
(1987). That study included only disk stars with metallicities [Fe/H] ≥ −0.8.
As is the case for most Th abundance studies, Butcher (1987) analyzed just
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the 4019.2 A˚ Th II transition. That line in high metallicity stars is at best
a weak blending absorption in this crowded spectral region. Additionally, for
a comparison stable neutron-capture element Nd was chosen in the Butcher
(1987) study. Unfortunately, Nd in the solar system (and probably in most
disk stars) has a s-process origin, accounting for '58% of its abundances; the
r-process fraction is only '42% (e.g. Smolec (2005)). With these limitations,
Butcher (1987) argued that the Th/Nd ratios were roughly constant in their
sample of disk stars, irrespective of assumed stellar age.
Analyses of low-metallicity halo population r-process-rich stars have yielded
more easily-interpreted results. The first such star, HD 115444, initially iden-
tified by Griffin et al. (1982), has [Fe/H] ' −2.9, and [Eu/Fe] ' +0.9 (e.g.
Westin et al. (2000); Sneden et al. (2009)). Then CS 22892-052, a red giant
from the Beers et al. (1992) low resolution Galactic halo survey, was serendip-
itously discovered (Sneden et al., 1994) to be very r-process rich: [Fe/H] '
−3.0, [Eu/Fe] ' +1.7, and an unambiguously strong 4019 A˚ line, yielding
[Th/Fe] ' +1.4 or [Th/Eu] ' −0.3 (e.g., Sneden et al., 2003). The relatively
depressed Th compared to Eu was taken to be a sign of radioactive decay from
an assumed initial production ratio of [Th/Eu] ≡ 0.0. Initial application of
theoretical models suggested an ancient age for the neutron-capture elements
but with a large uncertainty: 11.5 ≤ t ≤ 18.8 Gyr (Cowan et al., 1997).
Detailed study of another r-process-rich star CS 31082-001 (Cayrel et al.,
2001; Hill et al., 2002) revealed the first detection of U in a low metallic-
ity star (Hill et al., 2002). But the individual abundance ratios [Th/Eu] and
[U/Eu] in this star turned out to be too large to be sensibly interpreted as
a straightforward radioactive decay. Instead, it was necessary to postulate an
“actinide boost” with initial production ratios [Th/Eu] > 0 and [U/Eu] > 0.
Fortunately, the ratio between neighboring elements Th and U should have
well-understood production ratios and, for example, Schatz et al. (2002) de-
rived an age from the U-Th abundance ratio of 15.5 ± 3.2 Gyr, consistent with
but not constraining the age of the Galaxy determined from other indicators.
The problems and prospects of U and Th abundances are considered well
in Hill et al. (2002) and Schatz et al. (2002) and will not be repeated here.
The actinide boost problem effectively forces attention on detection of both
Th and U for meaningful radioactive cosmochronometry. But the problem is
the rarity of U detections even in low metallicity stars with extreme r-process
enhancements (e.g. [Eu/Fe] > +1). Only a single U II transition at 3539.5 A˚
has been detected to date, and it is at most a very weak bump among a clump
of lines dominated by two strong Fe I lines as well as weaker Nd II and CN
lines. This is shown, for example, in Fig. 10 of Hill et al. (2002), Fig. 9 of
Cowan et al. (2002), Fig. 2 of Frebel et al. (2007).
If r-process production ratios [Th/Eu] cannot be predicted with certainty
given the large Periodic Table stretch between elements 63 and 90, can an-
other element closer to Th serve as the stable comparison element? Kratz et al.
(2007) suggested that Hf (Z = 72) might be a good candidate, as their com-
putations showed that Hf is made in the r-process at similar neutron densities
to Th (see their Fig. 3). We tested this idea by considering Eu, Hf, Th, and U
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abundances reported for these kinds of stars in the literature. In Fig. 23 panel
(a) we show that for radioactive elements U and Th, their “absolute” num-
ber density ratios log (U/Th)1 are essentially constant in the high-resolution
studies published to date, and Hill et al. (2016) report discovery of a fifth
r-rich star that has a nearly identical value of this ratio. In panel (b) we
show a similarly tight correlation between the stable rare-earth elements Hf
and Eu. Star-to-star scatter increases markedly in ratios log (Th/Eu) and
log (Th/Hf). Observations are clearly telling us that any actinide boost of
the heaviest r-process elements sets in beyond Z = 72. Abundance data on
3rd r-process peak elements Os, Ir, Pt (Z = 76−78) and Pb (Z = 82); see
individual papers cited above, (e.g., Cowan et al., 2005; Plez et al., 2004). But
these elements: (i) have detectable transitions only from their neutral species,
whereas all other neutron-capture elements with Z ≥ 56 are represented only
by ionized transitions, greatly increasing the derived abundance uncertainties
in the comparison; (ii) all of their detectable transitions are in the near-UV
or vacuum-UV. Their abundances do correlate with those of other very heavy
neutron-capture elements, but do not add effective cosmochronometry infor-
mation at present.
Moreover, predicted production ratios in the r-process can have significant
uncertainties, as very little experimental data exist on nuclei far from the
valley of β stability. The influence of these uncertainties have been discussed
in several papers published after Th and U detections were announced (e.g.,
Goriely & Clerbaux, 1999). A good summary of the nuclear issues is in Niu
et al. (2009), who considered uncertainties in astrophysical r-process fusion
conditions, nuclear mass models, and β-decay rates. They suggest that “the
influence from nuclear mass uncertainties on Th/U chronometer can approach
2 Gyr.”; see their Fig. 5, which shows derived ages of HE 1523-091 (Frebel
et al., 2007) and CS 31082-001 (Cayrel et al., 2001; Hill et al., 2002) with
variations in all of the quantities that can influence the conversion of derived
observational U/Th abundance ratios into final age estimates. Their computed
mean ages are 11.8 ± 3.7 Gyr for HD 1523-0901 and 13.5 ± 2.9 Gyr for
CS 31082-001, consistent with current age estimates of the Galaxy, albeit with
substantial error bars.
Cosmochronometry from radioactive elements U and Th is promising, but
not precise enough yet to set serious age constraints. Since uncertainties abound
in all phases of this exercise, one suspects that a prerequisite for further
progress is simply more detections of U in very low metallicity r-process-rich
stars, which should naturally have strong Th transitions. One looks forward
to more discoveries of more such stars in field star surveys in the near future.
This appears as a good viaticum for future developments, since age–dating
methods based on MSTO and/or on the MSK can only be applied to ensemble
of stars. The key advantage of the cosmochronometric method is that it can
be applied to individual cluster and field stars and it is independent of both
1 log A ≡ log10(NA/NH) + 12.0
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distance and reddening. The reader interested in a more detailed discussion
concerning age-dating of field stars is referred to Salaris (2016).
5.2 Relative cluster age estimates
Relative cluster ages are used to address different astrophysical problems, e.g.
they play a crucial role in investigating the early formation of the Galactic
components dominated by old stellar populations (Halo, Bulge). In particular,
the spread in relative ages of Halo and Bulge stars is tightly correlated with the
timescale of the collapse of the protogalactic cloud. Classical results based on
accurate and homogeneous photometry of GGCs suggested that a significant
fraction of Galactic globulars are, indeed, coeval (e.g., Buonanno et al., 1998;
Rosenberg et al., 1999). There are reasons, mainly kinematic, to believe that
the ones that do not follow this trend are clusters that have been accreted.
Cluster ages based on a relative diagnostic (vertical, horizontal) are less
prone to systematic uncertainties. The key idea in these methods is to estimate
the difference in magnitude between the MSTO and a brighter point that is
either independent or mildly dependent on the absolute age of the cluster.
This means that they are independent of uncertainties on cluster distance
and reddening. In dealing with large homogeneous photometric data sets, the
relative ages are also less affected by uncertainties on the photometric zero-
point. The pros are also on the theoretical side, since the clock is used, over
the entire metallicity range, in relative and not in absolute sense.
The relative cluster ages of GGCs is lively debated in the recent literature
due to their impact on the early formation and evolution of the Galactic halo.
The new results are based on deep and accurate photometry collected with
ACS at HST. On one hand, it has been found by Marin-Franch and collabo-
rators (Mar´ın-Franch et al., 2009) that a sample of 64 GCs, covering a broad
range in metallicity, in Galactocentric distance and in kinematic properties,
show a bi-modal distribution. The former group is coeval within the errors,
i.e. its mean age is ∼ 12.8 Gyr with a small dispersion (5%). The latter group
is more metal-poor and follows an age–metallicity relation. This group might
be associated to dwarf galaxies that have been accreted into the Halo as sup-
ported by their kinematic properties. The top panel of Fig. 24 summarizes the
results obtained by Mar´ın-Franch et al. (2009).
On the other hand, based on independent ages estimated by VandenBerg
et al. (2013) and Leaman et al. (2013), it was found that GGCs display a clear
dichotomy, since at fixed cluster age there are two groups of GCs with roughly
0.4 dex of difference in metallicity (see bottom panel of Fig. 24). These two
groups seem to follow two different, and well defined, age–metallicity relations.
Leaman et al. (2013) also suggested that the metal-poor group were accreted,
while the metal-rich ones are the truly globulars formed in situ. In this context
it is worth mentioning that the globulars and the optical photometry adopted
by Leaman et al. (2013) significantly overlap with the sample adopted by
Mar´ın-Franch et al. (2009). We note here that data plotted in Fig. 24 are only
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Fig. 24 Top: Relative age estimates of Galactic globular clusters according to Mar´ın-Franch
et al. (2009), these have been scaled to 12.8 Gyr, i.e. a mean age coming assuming isochrones
from Dotter et al. (2007). Clusters more metal-poor than [Fe/H]=-1.3 were plotted as blue
stars, while those that are more metal-rich as red stars. The blue and the red lines display
the age–metallicity relations estimated by VandenBerg et al. (2013) and by Leaman et al.
(2013). The metallicities of the GCs are in the Carretta et al. (2009) metallicity scale. The
grey area shows the ±1σ uncertainty in the age estimate. Bottom: Same as the top, but for
the absolute age estimates by VandenBerg et al. (2013) and used in Leaman et al. (2013).
This sample includes the GCs observed by Mar´ın-Franch et al. (2009) and plotted on the
top panel. However, we have plotted only GGCs in common between the two studies.
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those in common between the two studies and a glance to the data indicates
a significant difference in their age determination. In particular, Fig. 24 shows
several interesting features worthy of discussion.
i) Absolute age estimates provided by VandenBerg et al. (2013) (VB) are,
at fixed metal content, more precise than the relative age estimates provided by
Mar´ın-Franch et al. (2009) (MF). The dispersion in age in the former sample
is ∼17% smaller than the latter one over the entire metallicity range.
ii) The metal–poor globulars seem to show an age–metallicity relation in-
dependently of the approach adopted to estimate the absolute cluster ages.
The relation drawn through the VB’s ages (blue solid line) is also a reasonable
‘eye’ fit to the MF’s age estimates. The quoted samples also show evidence of
a flatting of the quoted age-metallicity relation when moving from metal-poor
([Fe/H]∼-2) to more metal–poor GCs.
iii) The more metal-rich GCs display a different trend in the two different
absolute age estimates. The more metal-rich GCs in the MF sample are within
the errors coeval, while in the VB estimates they show a slope that is quite
similar to the slope of the more metal-poor GCs, but shifted by 0.4 dex in
metallicity.
The above findings clearly indicate that the main difference between the
MF and the VB analysis is in the age estimates of metal-rich GCs. Note that
to overcome possible deceptive uncertainties on the cluster iron abundance we
adopted the homogeneous metallicity scale provided by Carretta et al. (2009).
The current uncertainties on cluster iron abundances are on average smaller
than 0.1 dex (Gratton et al., 2004). To unveil possible deceptive systematics
either in age-dating globulars or in their metallicity scale the use of NIR diag-
nostics appears very promising. This applies not only to NIR photometry to
use the MSK (see § 5.4), but also to high-resolution NIR spectroscopy to use
different sets of iron and α-element lines.
5.2.1 The empirical routes for relative age estimates
The two most popular approaches adopted to estimate relative ages are the
vertical and the horizontal photometric methods. The key advantages of these
approaches are that they are independent of uncertainties affecting the dis-
tance modulus and the cluster reddening.
i) Vertical Method – The vertical method relies on the difference in mag-
nitude between the HB luminosity level and the MSTO. The HB luminosity
level is typically chosen across the RR Lyrae instability strip. The former an-
chor is assumed to be independent of age, while the latter is age dependent.
In applying this method there are a number of caveats. The main one is that
it is mainly based on visual magnitudes, since at shorter (U,B) and at longer
(R,I) wavelengths the HB shows a well defined negative/positive slope when
moving from red to blue HB stars. This means that the anchor to the middle
of the RR Lyrae instability strip might be affected by systematic errors, due to
the quoted problems with the HB morphology. Moreover, this approach is also
hampered by the lack either of RR Lyrae stars or of accurate and homogeneous
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multi-band photometry for cluster RR Lyrae stars. It is worth mentioning that
the cluster age is considered to be one of the main culprits in the variation
of the HB morphology (second parameter problem) when moving from more
metal-poor to more metal-rich GCs. In case the cluster age is confirmed to be
the second parameter, then the ages based on the vertical method would be
affected by systematic errors. In particular, a decrease in the age of the pro-
genitor causes a decrease in the HB luminosity level, therefore smaller vertical
parameters, and in turn systematically younger ages. This effect becomes more
relevant for stellar structures at the transition between forming or not form-
ing an electron degenerate helium core. This means the young tail in the age
distribution of GCs (see Fig. 8). Note that a systematic decrease in age typ-
ically means a redder HB morphology, thus suggesting once again that more
metal-rich clusters are more prone to possible systematic age uncertainties.
ii) Horizontal Method – The horizontal method relies on the difference in
color between the MSTO and the base of the red giant branch. The empirical
estimate of the latter reference point is not trivial in the V,I bands. Therefore,
it was suggested to use the difference in color between the MSTO and the
color of the RGB at a luminosity level that is 2.5 magnitudes brighter than
the MSTO (Buonanno et al., 1998; Rosenberg et al., 1999). This approach
has the same advantages of the vertical method, since it is independent of
uncertainties on the cluster distance and reddening. Moreover, the reference
point along the RGB is less affected by age effects and the RGB morphology
is well defined in GGCs. However, the use of the color (horizontal method)
instead of the magnitude (vertical method) together with the dependence of
predicted effective temperatures at the MSTO, and in particular along the
RGB, by the adopted mixing length parameter, are a source of further con-
cern. The color-temperature relations predicted by atmosphere models are
also less accurate when compared with the bolometric corrections. Note that
this limitation becomes more severe when moving from the metal-poor to the
metal–rich regime (Tognelli et al., 2015). Moreover, it is worth mentioning
that the ratio between the duration of the sub-giant phase (hydrogen thick
shell burning) and the MSTO age is not constant when moving from metal-
poor to metal-rich stellar structures (Salaris & Weiss, 1997). Furthermore, the
slope of the RGB depends on the metal content, therefore, the difference in
color with the MSTO steadily decreases when moving from more metal-poor
to more metal-rich globulars.
5.3 A new approach for absolute age estimates
During the last few years it has been suggested a new vertical method to
estimate the absolute age of stellar systems (Bono et al., 2010). It relies on
the difference either in magnitude or in color between the MSTO and a well
defined knee in the low-mass regime of the main sequence (MSK). The MSK
has already been detected in several GCs – ω Cen (Pulone et al., 1998); M4
(Pulone et al., 1999; Milone et al., 2014; Braga et al., 2015; Correnti et al.,
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2016); NGC 3201 (Bono et al., 2010); 47 Tuc (Lagioia et al., 2014; Correnti
et al., 2016); NGC 2808 (Milone et al., 2012; Massari et al., 2016a); M71 (Di
Cecco et al., 2015); NGC 6752 (Correnti et al., 2016)), in intermediate-age
open clusters (Sarajedini et al., 2009b; An et al., 2008, 2009) and in the field
of the Galactic bulge (Zoccali et al., 2000) by using either near-infrared (NIR)
and/or optical–NIR photometry.
Empirical and theoretical evidence indicates that this feature is mainly
caused by the collisionally induced absorption of H2 at NIR wavelengths
(Saumon et al., 1994) in the atmosphere of cool dwarfs. The shape of the
bending in NIR and optical–NIR CMDs depends on the metal content, but
the magnitude of the knee seems to be independent of cluster age and of metal-
licity (magnitude in K-band of ∼3.5 mag). This means that the difference in
magnitude between the MSTO and the MSK should be a robust diagnostic to
constrain the absolute cluster age. The new diagnostic shares the same positive
features than the classical vertical and horizontal methods. It is independent
of uncertainties in cluster distance and reddening and minimally affected by
uncertainties in photometric zero-point.
The key advantages of the MSK when compared with the classical vertical
and horizontal methods are the following:
i) The MSK is a faint but well defined feature – The reference magnitude
for the MSK is fainter than the MSTO, this implies larger photometric uncer-
tainties for individual stars than when belonging to brighter features (RGB,
HB). However, the number of faint, low mass stars (≤ 0.5 M) is intrinsically
larger than that of more massive and brighter stars. Furthermore, these stars
are in their slow central hydrogen burning phase, thus they are more populous
than in subsequent evolved phases. As a result, old, intermediate and young
stellar systems always display a well sampled faint MS, whereas: a) the HB is
less populous because it is populated by stars in their central helium burning
phase and, even more, this feature shows up only in old stellar systems and
depends on a number of parameters, including the metallicity; b) the RGB is
typical of stellar systems that are either old or of intermediate age, and again
the difference in color with the MSTO depends on the metallicity.
The main consequence is that the MSK can be easily identified in all the
stellar systems, provided that photometric data sets are pushed to reach very
faint magnitudes, while the HB and the RGB detection/morphology strongly
depend on the evolutionary properties of the underlying stellar population.
ii) The MSK is less affected by theoretical uncertainties – The MSK only
relies on the physics of hydrogen burning phase, while the vertical and the hori-
zontal methods are affected by uncertainties in extra-mixing (RGB, HB), in mi-
crophysics (electron degeneracy, conductive opacities, 3α and 12C(alpha,γ)16C
nuclear reaction rates) and in dealing with the transition from the core helium
flash to the core helium burning (ZAHB, Sweigart et al., 2004)).
Furthermore, the MSK together with the vertical method are independent
of the theoretical uncertainties plaguing the color–temperature transforma-
tions required in the horizontal method. The same outcome applies to the
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dependence on the adopted mixing length parameter. According to theory,
MS stellar structures with a stellar mass of M ∼0.5-0.4 M are minimally
affected by uncertainties in the treatment of convection, since they are almost
entirely convective and the convective transport is nearly adiabatic (Saumon
& Marley, 2008).
iii) The MSK has a lower global error budget – Recent empirical evidence
indicates that the MSK provides absolute cluster ages that are a factor of two
more precise when compared with the classical method of the MSTO (Bono
et al., 2010; Sarajedini et al., 2009a; Di Cecco et al., 2015; Monelli et al., 2015;
Massari et al., 2016a; Correnti et al., 2016). Moreover, preliminary findings
suggest that the correlation between the MSK and the cluster age is linear
over the age range typical of old open cluster (a few Gyrs) to GGCs. We still
lack a detailed theoretical investigation to constrain the dependence of the
MSK on the chemical composition (metals, helium) when moving from optical
to NIR and optical/NIR CMDs.
The main cons in dealing with the MSK is that the identification of the
knee requires accurate and deep photometry in crowded stellar fields. However,
the advent of HST and of modern Adaptive Optics (AO) assisted NIR instru-
mentation overcame this problem. The MSK is a feature that can be detected
and used in both optical and NIR bands, whereas the classical vertical and
horizontal methods are robust age diagnostics only in optical CMDs. Accurate
and deep NIR CMDs show that HB stars are far from being horizontal. They
become systematically fainter when moving from cool to hot and extreme HB
stars (positive slope Del Principe et al., 2006; Coppola, 2011; Milone et al.,
2013; Stetson et al., 2014). The same problem shows up in CMDs based on
near UV and far UV bands (negative slope, Ferraro et al., 2012). This means
that the identification of the HB luminosity level needs a further anchor in
color along the HB, difficult to be uniquely identified. On the other hand, the
difference in color between the MSTO and the RGB, required by the horizon-
tal method, is hampered by the fact that MSTO and RGB have almost the
same color in NIR bands. This means that the difference in color is steadily
decreasing (Coppola, 2011; Stetson et al., 2014) when moving from optical to
NIR.
NIR photometry is going to be exploited even more in the near future
when sophisticated AO will allow us to reach the diffraction limit of ground
based extremely large telescopes (Diolaiti et al., 2016) and from the space with
JWST. The use of new observables also means the opportunity to constrain
possible systematics in evolutionary diagnostics currently adopted.
5.3.1 The absolute age of M15
To provide a new and independent absolute age estimate of the GC M15
(NGC 7078), (Monelli et al., 2015) have collected collected AO images of the
GC M15 (NGC 7078) using the First Light AO (FLAO, Esposito et al., 2012)
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LBT/PISCES
LBT/LUCI
MSK
Fig. 25 Near-Infrared (K, J - K) CMD of the Galactic globular M15, based on images
collected with LBT (black dots: LUCI1; red dots: PISCES). The orange solid line shows the
cluster ridge line adopted to determine the position of both MSTO (blue circle) and of the
MSK (green square).
operating at the Large Binocular Telescope (LBT). We remember here that
M15 is located at ∼10 Kpc and it is affected by moderate extinction (E(B-
V)=0.08, (Harris, 1996, updated 2010 version) thus with current AO assisted
10 m telescopes we do expect to detect the MSK. Interestingly, M15 is supposed
to be one of the oldest and most metal poor ([Fe/H∼-2.4]) GCs of the Milky
Way Halo.
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FLAO data have been taken with the NIR high resolution imager PISCES
(pixel scale=0.0193”/pix) in J and Ks bands. Due to the highly structured
and asymmetric PSF shape, the data reduction was successfully performed
with ROMAFOT suite of programs (see details in Fiorentino et al., 2014;
Monelli et al., 2015). A natural guide star (NGS) of R=12.9 mag has been
used to close the AO loop on a field located at ∼3’ from the cluster center.
This field was sufficiently uncrowded to allow us to reach a very deep Ks band
magnitude of ∼22 mag, see Fig. 25. This limiting magnitude allowed us to
measure the location of the MSK; see Table 3 in Monelli et al. (2015). Note
that the detection of faint stars in crowded stellar fields as the center of GCs
is severely hampered by the large number of bright stars. However, as it is
shown in Fig. 25, given the small PISCES field of view (FoV) ∼20” and the
radial distance from the cluster center, we do not have sufficient sampling of
the MSTO magnitude. We have used LUCI1 data (FoV=4’×4’) to properly
determine the location of the MSTO. These LUCI1 data have also been used
to perform a proper calibration of PISCES data to the 2MASS photometric
system.
After measuring the difference MSTO-MSK, we are ready to compute the
absolute age of M15. We compare this number with theoretical relations de-
rived using a set of evolutionary isochrones provided by VandenBerg et al.
(2014b) that relate the variation of MSTO-MSK with the absolute ages. Us-
ing only NIR, we derived an absolute age for M15 of 13.7±1.4 Gyr, which is
compatible, but with a smaller uncertainty, to that obtained using the clas-
sical MSTO method in NIR (14.0±3.1 Gyr) or in purely optical HST bands
(12.8±2.0 Gyr). This old age provides an upper limit to the age of the Uni-
verse and a lower limit to the Hubble constant H0, since the former parameter
is roughly the inverse of the latter one (Gratton et al., 2003; Monelli et al.,
2015).
5.4 Conclusions and final remarks
There is mounting evidence of a difference between estimates of a Hubble
constant based on direct measurements (Cepheids plus supernovae: Riess et al.
(2016); Freedman et al. (2010), Beaton this conference) and indirect methods
(CMD, BAO, lensing, Suyu et al. (2013); Bennett et al. (2014); Calabrese
et al. (2015), Planck collaboration 2015). This critical issue has been addressed
in several recent papers suggesting a difference that ranges from almost 2σ
(Efstathiou, 2014) to more than 3σ (Riess et al., 2011, 2016). The quoted
uncertainties on the Hubble constant, once confirmed, can open the path to
new physics concerning the number of relativistic species and/or the mass of
neutrinos Dvorkin et al. (2014); Wyman et al. (2014); Lukovic´ et al. (2016).
Moreover, the quoted range in H0 implies an uncertainty on the age of the
universe t0 of the order of 2 Gyr. This uncertainty has a substantial impact
not only on galaxy formation and evolution, but also on the age of the most
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ancient stellar systems, i.e. the globular clusters can play a crucial cosmological
role.
Based on the tantalizing evidence that stellar age is not an observable, the
different stellar “clocks” that can be applied to date globular clusters provide
the unique opportunity to constrain the micro- and the macro-physics adopted
to construct evolutionary models. This comparison becomes even more reward-
ing when comparing main sequence stellar structures with white dwarf models.
It might be possible that in the era of “precision cosmology” we could use cos-
mological parameters to constrain the physics of stellar interiors. In the mean
time, it is clear that calibrating clusters to which we can apply different age
diagnostics (MSTO, MSK, white dwarf cooling sequence, cosmochronometry)
become fundamental astrophysical and cosmological laboratories.
In this investigation we reviewed the most popular methods to estimate
both relative and absolute cluster ages. We focussed our attention on the error
budget and critically discussed pros and cons of the different age diagnostics. In
particular, we outlined the key advantages in using a new NIR age diagnostic –
the main sequence knee– and its application to M15. The main limitation being
the faintness of this anchor. However, there are two new observing facilities
that are going to play a fundamental role in the use of the MSK.
i) Multi-conjugated adaptive optics – The development of multi-conjugated
adaptive optics systems at the 8-10 m class telescopes is a real quantum jump.
They provide NIR images that approach the diffraction limit of a field of view
of the order of one arcmin. This means that they can provide accurate and
deep NIR CMDs of the innermost crowded regions of GCs. Recent findings
based on NIR images collected with GEMS at GEMINI indicate that the mix
between NGS and lasers allow us to reach the MSK in a sizable sample of
Galactic globulars Massari et al. (2016a); Turri et al. (2016). The empirical
scenario becomes even more compelling if we take account for the next gen-
eration of NIR detectors AO assisted at VLT (ERIS). This instrument will
simultaneously cover NIR bands and the L-band, and in turn, the unique op-
portunity to identify the MSK in the most crowded and most reddened regions
of the Galactic Bulge.
ii) JWST – JWST is going to revolutionize the view of resolved stellar
populations in the nearby Universe. The coupling between field of view and
NIR/MIR bands would provide the unique opportunity to identify the MSK
in a significant fraction of nearby dwarf galaxies. This means the opportunity
to determine homogeneous ages for old stars in old stellar systems (dwarfs,
globulars) to investigate whether they formed, as suggested by cosmological
models, at the same epoch.
The cosmic distance scale and the age-dating of nearby stellar systems have
been for more than half a century the two fundamental pillars on which quan-
titative astrophysics build up. At the beginning of the new millennium they
are waiting for massive solidification. The near future appears quite bright not
only for the next Gaia data releases, but also for the near future ground-based
(LSST, ELTs) and space observing facilities (JWST, WFIRST, EUCLID). The
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same outcome applies for the wide spectroscopic surveys in optical and NIR
regimes (DESI, PFS, 4MOST, MOONS-GAL, APOGEE, WEAVE).
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